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^Vhe  objective  of  this  program  is  to  develop  a low-cost  5-GHz  40-W  FM 
CW  transmitter,  using  GaAs  Read  IMPATT  diodes  as  RF  power -generating 
elements,  suitable  for  data-link  applications.  Results  of  work  so  far  indicate 
that  the  RF  performance  goals  for  the  transmitter  can  be  achieved,  but  that 
size,  weight,  and  primary  power  consumption  goals  will  be  exceeded. 

We  have  designed  a transmitter  system  that  separates  the  unit  into  four 
main  subassemblies:  a VCO-driver,  a multidiode  output  stage,  a multichannel' 
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t'urrent  regulator,  and  a DC-to-DC  inverter.  The  VCO-driver,  producing 
3.  3-W  output  at  5 GHz,  has  been  assembled  and  tested.  Epitsixial  wafers  for 
the  high -power  GaAs  Read  diodes  to  be  used  in  the  output  stage  have  been 
successfully  grown.  The  best  diode  result  obtained  so  far  is  21 -W  CW  output 
at  4.86  GHz  with  29.  5 percent  efficiency,  and  five  of  six  wafers  processed  have 
produced  15-W  diodes.  The  diodes  permit  a four-diode  output  stage.  Six 
monthly  shipments  of  six  diodes  representative  of  those  to  be  used  in  the  output 
stage  have  been  made  to  RADC.  The  output  stage  design  uses  a nonresonant 
arallel-type  power  combiner  based  on  the  modified  Wilkinson  hybrid  described 
y Gysel.  Four  single-diode  oscillator  modules  are  coupled  to  this  combiner. 
The  combiner  and  modules  are  realized  in  trapped  inverted  microstrip  (TIM) 
line.  Basic  TIM -line  test  circuits  have  been  assembled  and  are  awaiting  eval- 
uation. A resonant-cavity  power  combiner  design  is  also  available  for  possible 
ise  as  an  output  stage.  The  circuit  design  for  the  multichannel  current  regula- 
or  is  complete..  A commercial  DC-to-DC  inverter  has  been  selected  for  use  in 
he  transmitter.^ 

Tasks  which  temain  to  be  completed  include  fabrication  of  additional  high- 
Dower  diodes,  fabrication  of  the  diode  modules  and  four -port  power  combiner 
ji  TIM  line,  construction  of  the  current  regulator,  and  assembly  and  test  of  the 
:omplete  transmitter  package.  A cost-performance  tradeoff  analysis  must  also 
3e  made. 
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TECHNICAL  REPORT  SUMMARY 


The  objective  of  this  program  is  to  develop  a deliverable  breadboard 
model  of  a low-cost  5-GHz  FM  transmitter  having  40-W  output  suitable  for 
data-link  applications.  Gallium  arsenide  Read  IMPATT  diodes  are  to  be 
used  as  RF  power-generating  elements  in  the  transmitter.  Preliminary 
analysis  and  the  first  six  month' s work  on  the  program  have  indicated  that 
the  major  RF  performance  goals  for  the  transmitter  can  be  achieved.  How- 
ever, goals  for  size,  weight,  and  primary  power  consumption  will  be  ex- 
ceeded. The  purpose  of  this  report  is  to  describe  the  program  effort  for  the 
period  29  March  through  29  September  1976. 

The  transmitter  system  design  has  been  completed.  Four  major 
subassemblies  make  up  the  deliverable  transmitter.  These  are  the  VCO- 
driver,  the  multiple-diode  power  output  stage,  the  multichannel  current 
regulator  feeding  the  output  stage,  and  the  DC-to-DC'  inverter  supplying 
high  voltage  (~  130  V)  to  all  IMPATT  diodes  in  the  transmitter.  The  trans- 
mitter operates  from  a 28-VDC  primary  power  source  and  uses  GaAs  Read 
IMPAT  T diodes  for  RF  power  generation. 

Design,  fabrication,  and  testing  of  the  VCO-driver  subassembly 
have  been  completed.  This  unit  is  essentially  a low-power  FM  transmitter 
which  accepts  a baseband  input  (70  KHz  - 10  MHz)  and  produces  ~3.3-W 
CW  output  at  5 GHz.  It  is  electronically  tunable  over  the  4.  97-to-5.  03-GHz 
range,  and  has  10-MHz  peak  deviation  capability.  This  unit  is  awaiting 
integration  with  the  remaining  parts  of  the  transmitter,  after  which  testing 
of  the  complete  system  will  be  undertaken. 

The  transmitter  output  stage  development  is  the  major  program 
task.  This  includes  production  of  high-power  GaAs  Read  IMPAT  T diodes 
for  use  in  the  output  stage,  development  of  single-diode  oscillator  modules 
in  which  the  diodes  can  operate,  and  development  of  a suitable  power- 
combining network  for  the  oscillator  modules.  The  complete  output  stage 
operates  as  an  injection -locked  oscillator  and  must  combine  four  oscillator 
modules  with  a circuit  efficiency  of  70  percent. 
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Epitaxial  material  growth  and  diode  fabrication  proc  edures,  which 
can  repeatably  produce  5-Gllz  (laAs  Read  IMPA  I'T  diodes  with  more  than 

0 

15-W  CW  output  and  25  percent  IK'-to-RF  conversion  efficiency,  have  been 
demonstrated  during  the  first  six  months  of  the  program.  The  best  diode 
performance  obtained  so  far  is  21 -W  CW  output  at  4.86  GHz  with  29.  5 per- 
cent efficiency,  and  five  of  six  epitaxial  wafers  processed  have  yielded 
15-W  diodes.  Six  diodes  representative  of  those  to  be  used  in  the  transmitter 
output  stage  have  been  shipped  to  RADC  at  the  conclusion  of  each  month' s 
program  effort.  Additional  epitaxial  material  must  be  grown  so  that  more 
diodes  can  be  fabricated.  These  diodes  will  form  an  inventory  for  use  in 
meeting  future  delivery  requirements  (six  diodes  per  month)  and  for  use  in 
output  stage  development. 

The  general  form  of  the  output  stage  circuit  has  been  selected.  A 
nonresonant  parallel-type  power  combiner  using  a modified  Wilkinson  hybrid 
of  the  type  described  by  Gysel  has  been  chosen.  Analysis  has  been  carried 
out  to  define  the  loss  and  isolation  levels  required  in  the  circuit,  and  to 
show  that  the  selected  combiner  can  meet  these  requirements.  An  alterna- 
tive output  stage  design  using  a dielectrically-loaded  resonant  cavity  power 
combiner  has  also  been  completed. 

Preliminary  RF  circuit  design  for  the  oscillator  modules  has  been 
completed.  Measurements  of  the  terminal  impedance  of  the  diodes  under 
large-signal  conditions  are  required  to  complete  some  details  of  the  design. 

Following  bias  circuit  design,  the  oscillator  modules  can  be  fabricated  and 
tested. 

Both  the  nonresonant  power  combiner  and  the  oscillator  modules 
are  to  be  realized  in  trapped  inverted  microstrip  (TIM)  line.  This  medium  ' 

offers  advantages  over  the  other  transmission  lines  (microstrip,  suspended 
microstrip,  and  balanced  stripline)  considered  for  use  in  the  transmitter.  , 

Components  for  some  basic  TIM -line  sections  and  for  a two-port  Gysel 
hybrid  have  been  fabricated  and  are  awaiting  test.  Following  these  tests 
the  four-port  power  combiner  will  be  fabricated  and  integrated  with  the 
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diode  modules  to  form  the  power  output  stage.  The  resonant  cavity  power- 
combiner  design  is  being  held  for  use  if  difficulties  arise  with  the  previously 
untried  ’I'lIVl-line  circuits. 

Circuit  design  for  the  multichannel  current  regulator  is  complete. 

Ihis  unit  must  be  assembled,  tested,  and  integrated  with  the  remaining 
transmitter  subassemblies. 

A standard  commercially  available  inverter  is  to  be  used  in  the 
transmitter.  One  suitable  unit  has  been  selected,  and  based  on  the  use  of 
this  unit,  total  current  demand  of  the  transmitter  from  the  28 -V  DC  primary 
power  source  has  been  projected  at  ~ 15  A.  The  inverter  is  still  to  be 
ordered  from  the  manufacturer.  The  possibility  of  reducing  the  size  and 
weight  and  increasing  the  efficiency  of  the  present  inverter  is  being  in- 
vestigated through  consultation  with  the  inverter  manufacturer. 

In  addition  to  assembly  and  final  test  of  the  transmitter  package, 
several  analytical  tasks  must  also  be  completed  in  the  remainder  of  the 
program.  Reliability  data  on  the  components  in  the  transmitter  must  be 
reviewed  to  confirm  that  the  operating  life  and  shelf  life  requirements  can 
indeed  be  met.  A complete  analysis  of  cost  and  possible  cost-size-weight- 
performance  tradeoffs  must  also  be  made.  The  deliverable  transmitter  will 
obviously  not  represent  the  highest  level  of  design  refinement  possible. 
Prospects  for  future  improvement  in  performance  will  be  surveyed. 
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PREFACE 


The  objective  of  this  program  is  to  develop  a low-cost  FM  C'W  trans- 
mitter capable  of  producing  40-W  output  at  5 GHz  for  data-link  applications. 
The  transmitter  is  to  use  GaAs  Read  IMPATT  diodes  as  active  elements. 
Results  of  the  work  completed  so  far  indicate  that  the  RF  performance  goals 
of  the  transmitter  can  be  met.  In  particular,  diodes  capable  of  more  than 
15-VV  CVV  output  with  more  than  25  percent  efficiency  have  been  fabricated, 
and  designs  for  compact  circuits  combining  the  outputs  of  four  such  devices 
are  available.  However,  the  size,  weight,  and  primary  power  consumption 
objectives  for  the  transmitter  will  be  exceeded  by  the  present  design. 

The  program  work  has  been  carried  out  by  the  Research  Division  of 
Itaytheon  Company,  Waltham,  Massachusetts.  The  work  was  sponsored  by 
the  Air  Force  Systems  Command,  Rome  Air  Development  Center,  Hanscom 
AFH,  Massachusetts  under  Contract  No.  F30602 -7  6-014 3 . 

At  Raytheon,  the  work  was  carried  out  under  the  supervision  of 
R.  W.  Bierig,  Manager  of  the  Microwave  Semiconductor  Laboratory  at  the 
Research  Division.  The  growth  and  characterization  of  the  gallium  arsenide 
epitaxial  wafers  were  directed  by  .S.  R.  Steele.  F3esign  and  fabrication  of 
GaAs  Read  IMPA'I'T  diodes  were  under  the  direction  of  Dr.  M.G.  Adlerstein. 
Diode  evaluation  and  circuit  development  were  the  responsibility  of 
Dr.  R.  N.  Wallace.  Development  of  the  VC'O-driver  subassembly  in  the 
transmitter  was  subcontracted  to  the  Raytheon  Special  Microwave  Devices 
Operation. 

'I’he  Air  Force  Project  Engineer  was  Mr.  .S.  A.  Roosild,  RADC'/ETSD. 
This  report  covered  the  period  29  March  1976  through  29  .September  1976. 

The  Raytheon  internal  report  number  is  S-2166. 
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INTRODUCTION 


This  inU’rini  report  describes  the  technical  effort  toward  the  develop- 
ment of  a deliverable  hreadboarvt  model  of  a cost -effective  GaAs  Read  IMT’ATT 
transmitter.  The  transmitter  is  to  produce  40-W  CW  output  at  a GHz  with 
h’M  capat)ilitv  suitable  for  data-link  applications.  High -power , high -efficiency 
G.iAs  Read  IMPATT  diodes  are  l)cinK  ust'd  as  active  elements  in  the  power- 
j»en('rating  stages  of  the  transmitter.  The  work  reported  herein  was  carried 
out  at  the  Raytheon  Company  Researcli  Division  during  the  period  29  March 
through  29  .September  197fi. 

A number  of  specific  performance  goals  were  initially  set  for  the 
breadboard  transmitter.  These  goals  are  listed  below. 


Center  P’requency 

Tunable  Bandwidth 

Instantaneous  Bandwidth 

Power  Output 

Input  Power 

Operating  Life 

.Shelf  Life 

Modulation 

P'orm  F'actor 

Weight 

Noise  (Total  AM  and  FM) 


5 GHz 
60  MHz 

10  MHz  ( -1  dB) 

40  W CW 
28  V DC,  10  A 
5000  hours 
7 years 
FM 

6.4  X 1.7  X 3.6  in.^ 

3.5  lb . 

30  dB  or  more  below  carrier 
level  100  MHz  fror  . the 
carrier  frequency 


To  be  complete,  the  noise  specification  must  include  the  bandwidth  in 
which  the  noise  is  measured.  We  have  assumed  that  the  total  noise  in  a 
1-kIlz  bandwidth  that  is  100  MHz  removed  from  the  carrier  must  be  30  dB 
or  more  below  the  transmitted  power  level. 
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The  instantaneous  bandwidth  and  modulation  specifications  were  also 
open  to  interpretation.  Chir  interpretation  was  that  the  transmitter  should 
be  capable  of  FM  operation  with  10-MHz  (maximum)  peak-to-peak  frequency 
deviation,  and  lO-MIlz  (maximum)  modulating  frequency.  Power  output 
variation  at  maxium  deviation  should  be  +0,  -1  dll  across  the  full  electron- 
ically tuned  range.  Further,  it  should  be  possible  to  obtain  a modulation 
sensitivity  for  10-MHz  input  within  1 dll  of  the  low-frequency  modulation 
sensitivity. 

A number  of  additional  requirements  were  placed  on  the  technical 
effort  for  the  program.  The  design  of  the  transmitter  was  to  be  such  that 
quantities  of  500  units  could  be  manufactured  for  less  than  $ 2000  each. 
Constraints  and  tradeoffs  in  the  design,  fabrication  and  operation,  and  cost 
of  the  transmitter  were  to  be  identified.  At  the  conclusion  of  the  program, 
final  testing  of  the  transmitter  was  to  be  carried  out  by  the  Research 
Division  and  witnessed  by  the  RADC  project  engineer. 

At  the  end  of  each  month  of  the  program,  six  GaA?  Read  IMPATT 
devices  representative  of  those  being  used  in  the  transmitter  were  delivered 
to  Rome  Air  Development  Center. 

I^reliminary  analysis  indicated  that  most  of  the  major  RF  performance 
goals  for  the  breadboard  transmitter  could  be  met,  and  the  first  six  months' 
work  on  the  program  has  not  changed  this  conclusion.  Achievable  goals 
include  those  for  center  frequency,  tunable  bandwidth,  instantaneous  band- 
width, FM  capability,  output  power,  and  noise.  Reliability  of  the  high -power 
GaAs  Read  diodes  is  still  under  investigation,  but  it  appears  that  these  de- 
vices can  be  sufficiently  reliable  to  meet  the  requirements  of  the  program. 

The  breadboard  transmitter  will  operate  from  a 28-VDC  source. 
However,  the  current  required  by  the  present  design  is  ~15  A,  substantially 
in  excess  of  the  10-A  goal.  There  are  some  prospects  for  reducing  the 
current  rc>quirements , either  through  efficiency  improvements  or  by  a 
tradeoff  of  output  power. 
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Principally  because  of  the  size  and  weight  of  tlie  power  supply 
(IX'-to-DC  inverter),  the  size  and  weight  goals  for  the  transmitter  package 
will  be  exceeded.  Kventually,  it  will  be  possible  to  fit  the  HI’  portion  of 
the  transmitter  into  the  specified  volume,  although  the  first  breadboard 
will  probably  exceed  this  limit. 

A precise  cost  projection  for  the  transmitter  must  await  the  results 
of  the  final  design  choices,  which  still  remain  to  bo  made.  This  cost  analysis, 
as  well  as  a study  of  possible  cost  and  performance  tradeoffs,  will  appear 
in  the  final  report  for  the  program. 

In  the  remaining  sections  of  this  report,  we  first  give  an  overall 
system  description  of  the  deliverable  transmitter  as  presently  planned 
(Sec.  2).  The  details  of  development  work  on  each  of  the  major  subassemblies 
in  the  transmitter  are  then  presented  in  Sec.  3.  Section  4 summarizes  the 
hardware  deliveries  which  were  made  during  the  first  six  months  of  the 
program.  Section  5 provides  an  overall  review  of  the  work  and  presents 
plans  for  the  remainder  of  the  program. 
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2.  0 


2-1  shows  a functional  hloc'k  diagram  for  tlio  delivorable 
transmitter  as  it  is  presently  planned,  l-'our  major  subassemblies  - the 
\ ('(t-driver , the  power  output  stage,  the  multichannel  current  regulator, 
and  the  IH'-to-IK'  inverter’  — make  up  the  complete  unit.  I'he  rietails  of 
fmogress  on  ttie  fiev'elopment  of  <>ach  subassembly  are  deser-ibed  in  Sec.  ,'l 
of  this  report.  I'he  system  design  for  the  transmitter  is  essentially  the 
same  as  that  originally  proposed,  but  there  have  been  some  chiuiges  within 
the  infiividual  subassemblies. 

I'he  V('()-driver  subassembly  accepts  a baseband  input  signal  in  the 
rringe  70  KIlz  to  10  MHz  and  provides  ,3..3-VV  CW  (typical)  of  frequency- 
mofiulatefl  Kl'  output  at  .'i  GHz.  The  full  4.  07-to-.T.  0.1-GHz  tuning  range 
specified  for’  tlu'  transmitter  is  covered  by  electronic  tuning.  The  power 
output  of  this  driver  should  be  more  than  sufficient  to  provide  10  MHz  of 
I 'ectronic’  tuning  (locking  bandwidth)  in  the  subsequent  power  output  stage. 

I'tie  subc'issenrblv  includes  in  a single  package  a low-power  (100-150  mW) 
voltage-contf’olled  Gunn  oscillator,  two  injection-locked  oscillator  stages 
using  (ia.As  IMl’-AT  T diodes  to  increase  the  output  power  to  ~.3..3  \V,  and  the 
voltage  anrl  current  regulators  required  for  the  Gunn  and  IMI’ATT  stages. 

The  total  power’  c onsumption  of  the  subassembly  is  ~ 01  \V,  substantially 
above  the  3.'1  W originally  budgeted. 

Design,  fabrication,  and  initial  testing  of  the  VC'O-driver  subassembly 
were  carried  out  by  the  Raytheon  .Special  Microwave  Devices  Operation.  I'he 
unit  was  delivered  to  the  Research  Division  in  .September  1970.  Original 
specifications  called  for  operation  of  the  IMPATT  stage  current  regulators 
in  the  unit  from  120-V  DO.  .Since  the  inverter  output  has  been  changed  to 
1.30  V,  for  reasons  to  be  described,  the  additional  10  V must  be  accomodated 
either  by  inserting  a zener  diode  as  shown  or  by  readjusting  the  current  reg- 
ulators. 

The  output  stage  will  consist  of  four  high-power  GaAs  Read  IMPATT 
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Power  Output  Stage 
( Injection-Locked  Oscillator ) 


l-’igure  2-1 


b'unctional  Block  Diagram  of  Transmitter  as 
Presently  Planned. 


(iicKios  opcfatin(j  as  an  in  jccf  ion -lorkffl  oscillatof  in  a parallol-tvpf  powor- 
combinor  circuit.  A fivc-Hioflc  stacc  iiad  orif^inally  t)ccn  plannrul.  Ilowcvu-r, 
it  was  founci  that  riiotics  with  more  than  1 r)-\V  C'W  output  oar  ii  could  he  fab- 
ricated by  inci-easing  the  diod(‘  junction  area  from  that  previously  used,  so 
the  simph'f  four-diode  stage  became  possible.  The  locking  bandwiflth  of  the 
output  stage  is  expected  to  be  greater  than  the  lO-Mllz  electronic  tuning 
range  recquired  of  the  transmittcu' , but  may  be  less  than  the  full  fiO-MlIz 
operating  band.  Consequently,  mechanical  tuning  of  the  output  stage  may  be 
required. 

The  power  combiner  may  be  of  either  a resonant  or  non  resonant  tvpe. 
-At  present,  a nonresonant  multiport  hybrid  of  the  type  described  by  Gysel'’ 
is  being  developc'd  as  the  output  stage  power-combining  network.  To  this 
will  bf'  coupled  four  separate  oscillator  modules.  Both  the  power  combiner 
:ind  the  diode  modules  are  to  be  realized  in  trapped  inverted  microstrip 
CCIM)  line.  As  a backup,  the  possibility  of  using  a dielectrically  loaded 
resonant -cavity  power  combiner  is  being  considered.  This  circuit,  whic-h 
is  a rerluced-size  form  of  a power  combiner  previously  constructeci , ' will 
be  used  only  if  difficulties  are  encountered  with  the  TIM -line  circuit. 

The  projected  combining  efficiency  in  the  output  stage  is  70  percent 
(minimum).  In  order  to  achieve  40-VV  CW  output  with  this  circuit  efficiency, 
the  individual  diodes  must  each  be  capable  of  14.7-W  output.  A diode  effi- 
ciency of  2(i.  5 percent  is  assumed.  Diode  performance  in  excess  of  this 
level  has  been  demonstrated  in  the  present  work.  The  projected  diode  and 
circuit  efficiency  levels  imply  that  the  output  stage  will  consume  21.5  W at 
the  nominal  105-to-110-V  operating  voltage  of  the  diodes.  This  is  less  than 
the  2.12  W originally  budgeted,  and  partially  offsets  the  overrun  in  power 
consumption  in  the  A’CO-driver  subassembly. 

A circulator,  not  originally  included,  is  shown  between  the  VC'O- 
driver  and  the  output  stage.  This  may  he  required  to  prevent  undesired 
interaction  between  the  driver  and  the  output  stage,  particularly  in  the 
case  where  the  transmitter  operates  into  a mismatched  load. 
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Im  Uuliiifi  llx'  rirciilatoi',  wliich  pfC)vi(ios  an  additional  20  dM  (nominal) 
isolalit)n,  should  insure  that  tlu-  last  stage  in  the  driver  always  looks  to  the 
(lunn  \ ( ()  freiiuenev  as  desii-ed,  rather  than  to  tlie  free-tajnning  frequenc-y 
of  the  outfuit  stage,  even  with  output  load  VS\\’K's  as  great  as  2:1. 

I'he  multichannel  eurrcmt  regulator  provides  four  inrlividuallv 
ad|ustahl('  current -regulaterl  bias  outputs  to  operate  the  diodes  in  the  power 
o\itput  stage.  This  regulator  is  an  extension  of  the  single -channel  regulator 
develoj)ed  during  the  jirevdous  progi’am.  "^  While  tlie  r’egulator  ecjnsumes 
essf'ntiallv  nc;  eurta'nt,  there  is  a voltage  drop  of  1 .'i  to  20  across  the  cir- 
cuit during  operation.  Over'all  system  efficiency  can  lu'  improved  if  this 
vcjltage  drop  c.an  he  reducerl.  The  change  from  a five -diode  to  a four -diode 
output  stagf'  has  simplifiefl  the  tlesign  of  the  current  regulator  significantly. 

The  l)('-to-l)(  inverter  produces  1.10-\'  DC  nominal  output  from  the 
21i-\’  D(  primarv  powf'r  for  operation  of  the  l.MD.\  TT  diofies  in  the  \ CO- 
driver  suhassfmihlv  and  in  the  output  stage.  ( The  Cunn  oscillator-  in  the 
\' ( '( )-dr-iver  is  operated  riirec-tly  from  the  2H-\’  priniary  power  source 
through  a voltage  rr-gulator.  ) The  inverter  output  voltage  was  raised  from 
the  120  V originally  planner!  to  accommodate  the  higher  operating  voltage 
of  the  recr-ntly  fahricatt'd  high-power-  (laAs  Uead  IMl’.A  1 T diories.  To 
ac-hieve  lower-  over-all  r ost  and  to  avoid  sfxmding  a large  par-t  of  the  progt-am 
effort  in  [rower-  sup[>ly  rJr'vr-lojrment , a standar-rl,  (-ommet-(-ially  available 
invru-ter  is  to  be  usetl.  The  unit  selecteri  offers  a c onvet-sion  efficiency 
of  up  to  (10  perr-ent,  but  ext-et'ris  the  size  and  wrdght  goals  for-  the  rmtire 
tr-ansmitter-  [rac-kage.  Possibilities  for-  t-edur-ing  the  size  and  weight  of  the 
inverter  and  for-  obtaining  still  higher  effir-iency  are  being  pursuer!  with  the 
manufac-turer . Using  the  present  inverter,  the  total  loari  curr-ent  imposed 
on  the  2(1 -\'  [rr-imary  powr-r  source  by  the  complete  transmittm-  package 
will  be  ~ 1 .a  A . 
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|)i;vi:l()1’Mi:\t  oi'  tkansmitti;r  com I'ONi;.\ts 


3.  1 VCO-Urivcr  Subassembly 

The  V(X)-driver  subassembly  is  essentially  a 3-VV  CV\  FM  (rans- 
mitter  which  operates  at  5 GHz.  Power  consumption  of  tliis  subassemblv  is 
relatively  small  compared  with  that  of  the  complete  40-W  transmitter.  C'on- 
se<juently,  little  improvement  in  overall  transmitter  efficiency  can  be  ob- 
tained by  refininjj  the  VCO-driver  suba  e embly. 

The  performance  recjuired  from  the  VCO-driver  is  similar  to  that 
of  sources  and  amplifiers  produced  routinely  by  the  Raytheon  Special  Micro- 
wave  Devices  Operation  (SMDO)  using  established  IMI^ATT  and  Gunn 
diode  technology.  For  this  reason,  and  because  little  was  to  be  gained  in 
transmitter  efficiency  by  exploiting  new  technology  in  this  subassembly, 
the  unit  was  ordered  from  SMDO.  The  VCO-driver  subassembly  was  re- 
ceived in  final  form  from  SMDO  in  September  1976. 

The  specifications  established  for  the  VCO-driver  subassembly  were 

derived  from  the  performance  objectives  of  the  present  transmitter  and  from 

•) 

experience  gained  during  the  previous  program".  The  unit  was  to  operate 
at  5 GHz  with  a ±30  MHz  available  frequency  adjustment.  Power  output 
variations  in  tlie  driver  have  little  effect  on  the  output  of  the  transmitter 
since  the  subsequent  40-VV  output  stage  operates  as  a high-gain  injection- 
locked  oscillator.  However,  it  was  considered  desirable  to  maintain  the 
driver  power  output  wdthin  1 dH  of  the  nominal  output  across  the  operating 
:>and  . The  driver  was  to  have  the  same  FM  capability  required  in  the  trans- 
mitter as  a whole:  a 10-MHz  peak-to-peak  deviation  capability  with  power 
not  less  than  1 dH  below  the  maximum  at  any  point,  and  10-MHz  modulation 
fr(.-quency  capability  with  modulation  sensitivity  not  less  than  1 dH  below 
the  mid -band  level. 

2 

Power  output  for  the  driver  was  specified  at  3 W.  In  previous  work  , 
330  mW  of  drive  had  provided  6 MHz  of  locking  bandwidth  with  a 60 -\V  high-(^ 
multiple-diode  output  stage.  Since  locking  bandwidth  varies  as  (1/ 

3 W should  provide  more  than  20  MHz  of  locking  range,  even  if  the  new  output 
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stafii'  opiTali'S  at  the.'  saint'  fxtrrnal  (.j.  'J’he  nonresonant  power  combiner 
presently  planned  should  be  lower  in  (.i  and  should  permit  still  {greater 
loekiiift  bandwidth.  Titus,  '3-W  out]tut  from  the  driver  should  provide  positive 
iitiection  loekinfi  over  the  10-iUIlz  band  required  in  the  complete  transmitter. 

It  may  not,  however,  provide  (iO  MIlz  of  locking,  which  would  permit  the 
entirt'  operating  band  of  the  transmitter  to  be  covered  without  mechanical 
retunintt  of  the  output  sta,[(e. 

The  VC'O-driver  subassembly  was  to  operate  from  power  available 
in  the  transmitter  packaf^e:  28  VDC  primary  power  and  120  VI)C’  from  the 

IK’-to-DC  inverter  for  the  11V1PATT  diodes.  Total  power  consumption  was 
budgeted  at  23  W.  Analysis  of  the  reliability  of  the  components  included 
was  to  insure  that  the  3000-hour  operating  life  and  7-year  shelf-life  require- 
ments for  the  entire  transmitter  would  not  be  adversely  affected  by  the 

driver.  Original  plans  called  for  the  subassembly  to  fit  within  a 3.5"  x 4"  x T 
volume  and  weigh  less  than  1 lb. 

Since  tht;  subsequent  output  stage  operates  as  an  injection-locked 
oscillator,  the  overall  FM  noise  of  the  transmitter  is  largely  determined 
by  that  of  the  VC'O-driver.  Ily  requiring  that  the  total  noise  from  the  driver 
in  a 1-kIlz  bandwidth  100  MHz  from  the  carrier  be  at  least  40  dH  iielow  the 
carrier,  we  can  insure  that  the  -30  dHC  transmitter  noise  specification  is 
met  with  a considerable  margin. 

I'igure  3-1  stiows  a functional  block  diagram  and  a schematic 
mechanical  lavout  of  the  VCO-driver  subassembly  as  it  was  finally  rect'ived. 

It  conuist.i  of  a Ounn  diode  VCO  followed  by  two  IMPATT  diode  amplifier 
stages,  which  operate  in  the  injt'Ction-locked  oscillator  mode.  Interstage 
and  output  circulators  are  used  to  prevent  undesired  interactions  between 
stages  or  with  the  subsequent  triinniriittvr  output  stage.  Ttu'  (,'tunn  diode  is 
operated  from  the  28-V  firimary  power  supply  through  a voltage  regulator. 

The  current  regulator  for  tlu'  IMl’ATT  diodes  accepts  120-V  input,  which  is 
derived  from  the  IX'-to-DC  inverter. 
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rtic  Ciunn  oscillator  stajf('  produces  ir>0-m\V  output  at  5 fJHz.  'I’linin^ 
ovci-  till'  4.  t'7-to-fi.  0:i-lillz  ranf,'c  is  acc'omplished  by  variation  of  the  operating 
bias  voltagi'.  I'rc-cpiency  modulation  is  also  acc'omplished  hy  an  indeperrlent 
variatioti  of  bias  voltage.  Th(>  modulation  is  AC -coupled  to  the  bias  voltage 
regulator,  so  tlu-re  is  a low-frecpiency  cutoff  of  the'  modulation  sensitivity. 

This  has  becui  set  to  ~70  kHz,  wliich  is  acceptable  in  many  i'OM-l'M  systems. 
The  use  of  l)ias  tuning  and  bias  modulation  results  in  some  variation  in  tiie 
output  am])litude  of  the  oscillator  aci'oss  the  opimating  band.  This  variation 
is  less  than  1 dil  and  is  relativcdy  unimportant  because  succecaling  stages 
operate  as  high-gain  injection -locked  oscillators  with  saturatc;d  power  out- 
put. Hias  tuning  was  chosen  because  it  provides  a simpler  Kh’  circuit  than 
could  be  realized  with  var-actor  tuning. 

The  first  IMPATT  stage  uses  a flat-profile-  GaAs  diode  operating  as 
an  injection-locked  oscillator.  Locking  is  maintaineci  across  tlu-  full 
4.  ft7-to-a.  03-Gliz  operating  l)and  witliout  mechanical  retiming.  The  stuffc 
producs  1 -W  output  with  100-mVV  input  at  h GHz. 

The  second  IMl’ATT  stage  uses  a GaAs  Head  diock'  operating  as  an 
inj(!Ction-locked  oscillator.  l.ocking  is  maintained  across  the-  full 
4.  h7-to-fi.  03-GHz.  operating  band  witliout  mechanical  retuning,  'riu-  stage 
produces  3-VV  (nominal)  output  with  1 -W  input  at  fi  GHz. 

I’erformance  of  the  complete  VTlO-driver  subassembly  is  summa- 
riz.ed  in  Table  3-1  . While  the  gain  distribution  and  power  levels  of  the  stages 
differ  somewhat  frorii  those  originally  proposed,  the  Hi'  performance  is 
satisfactory.  Powei-  output  exceeds  :j  W across  Hu-  1 . i'7- to- a . 03 - 1 d Iz 
operating  band.  Total  power  consumption  is  ~f)l  W,  substantially  larger 
than  the  33  W originally  budgeted.  The  size  and  weight  of  the  package  are 
also  larger  than  originally  planned,  although  if  the  base  plate  is  considered 
as  part  of  the  main  heat  sink  for  the  transmitter,  the  size  and  weight  over- 
runs are  small.  Planned  and  actual  performance  characteristics  are  com- 
pared in  Table  3-3. 


TABLE  3-1 


VC'O-mUVEK  BEH1-X)RMAN('E 

Nominal  ()[)crating  Conditions: 

IMl’ATT  diodfs  - 120  VDC 

350  mA 

Gunn  diode  - 2f!  VDC 

G70  mA 

Tower  Output: 

f(GMz) 

4.  97  3.16 

4.  98  3.31 

4.99  3.46 

5.00  3.54 

5.01  3.54 

5.02  3.54 

5.03  3.54 
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TAHL1-:  3-2 


COMl’AKISON  OF  PKOPOSFD  AIVD  ACTUAL 
VCO-UHiVi;K  SUl^ASSFMIiLY  CIl ARACTFRISITCS 


proposi;d 

ACTUAL 

Power  Output 

Power  Output 

3 W,  4.97-3.03  GHz 

3.3  VV  (Typical),  4.97-5.03  GHz 

Size 

Size 

, . 3 

3 . u X 4 X 1 in. 

3.  75  X 4.88  X 1.25  in. 

(Top  compartment  only) 

4 X 5.  75  X 1.45  in. 

(Overall,  including  base  plate) 

Weight 

Weight 

~ 1 lb 

1.11  lb  (Top  compartment) 

1.67  lb  (Total,  including  base  plate) 

Power  Consumption 

Power  Consumption 

120  V,  200  mA 

120  V,  350  mA 

2H  V,  300-350  mA 

28  V,  670  mA 

~33  W Total 

~()1  W Total 
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Thf  VC'O-d river  sul)as.senil>ly  waa  ready  for  integration  with  the 
remaininti  transmitter  components  at  tlie  end  of  the  period  covered  by  this 
report.  A fifiotop'rapii  of  ttie  completed  subassembly  is  shown  in  h’iij.  3-2. 
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3.  2 Output  Stage 


3.2.1  TIigh-efficiency  GaAs  Read  IMPATT  diodes 

2 

As  a part  of  the  previous  RADC  program,  high-power,  high- 
efficiency  GaAs  IMPATT  diodes  capable  of  operation  at  5 GHz  were  developed. 
These  diodes  used  the  low-high-low  modified  Read  doping  profile  and  had 
platinum  Schottky-harrier  junctions.  The  required  GaAs  material  was  pro- 
duced by  vapor  phase  epitaxial  growth.  F’or  improved  power  output,  reduced 
electrical  series  resistance,  and  reduced  thermal  impedance,  each  high-power 
diode  was  comprised  of  four  mesas  in  a 2 X 2 square  array  on  an  integral  gold 
plated  heat  sink,  l^ach  four-mesa  chip  was  bonded  into  a standard  microwave 
diode  package. 

With  diodes  operating  as  oscillators,  the  best  performance  achieved  in  the 
previous  work  was  13.3-W  CW  output  with  24  percent  efficiency  in  the  4.3- 
4.9  GHz  range.  Diodes  from  two  different  wafers  reached  this  performance 
level.  More  typical  of  the  better  diodes  fabricated  was  10-11  W CW  output 
with  22-23  percent  efficiency  in  the  5-GHz  rangi  . These  diodes  had  thermal 
resistances  in  the  range  4.5-5.0^C/W,  which  allowed  them  to  produce  their 
rated  power  output  witli  junction  temperatures  of  ~200°C.  Initial  plans  called 
for  the  use  of  five  such  diodes  in  the  output  stage  of  the  transmitter.  The 
design  for  these  diodes  is  well  in  hand.  This  is  demonstrated  by  the  fact 
that  eleven  of  thirteen  epitaxial  wafers  selected  for  device  processing  toward 
the  end  of  the  previous  program  produced  diodes  with  10  W or  more  CW  output. 

The  reliability  of  high-power  GaAs  Read  IMPATT  diodes,  both  under- 

storage  and  operating  conditions,  is  still  under  investigation.  There  is  no 

apparent  fundamental  or  inherent  limitation  on  shelf  life.  The  work  of 
7 

Coleman  et  al.  indicates  that  Pt  .Schottky-harrier  devices  should  have 

3 4 

operating  lifetimes  approaching  10'  and  10  hours  with  junction  temperatures  of 
130*^('  and  230”c,  respectively.  Our  own  work  on  multilayer  (Pt-Ti-Au)  Schottky- 
harrier  metallization  for  low-high-low  Read  diodes  indicates  that  lifetimes 
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in  excess  of  10  * hours  should  be  possible  at  junction  temperatures  of  200^C. 

In  all  cases,  the  limitation  on  lifetime  occurs  because  of  the  on^oin^  chemical 
reaction  between  the  GaAs  matc'rial  and  the  Schottky-barrier  metallization. 

The  presently  achievable  reliability  should  meet  the  refpjirements  of  the 
transmitter.  While  no  detailed  reliability  study  was  planned  as  part  of  the 
p/’est'nt  propram,  such  additional  reliability  data  as  liecomes  available  will 
lu'  used  in  projectinp  the  lifetime  of  tlie  final  transmitter  design . 

Tlu‘  present  program  includes  no  diode  development  effort.  The 
high-power  (laAs  Head  diodes  recjuired  l)oth  for  the  transmitter  and  for  the 
incidental  monthly  diode  deliveries  were  to  be  })roduced  using  existing  tech- 
nology, namcdy,  that  t(‘chnology  used  during  tlu'  previous  program.  This 
technology,  including  material  growth,  diode  fabricatioti , and  diode  evalua- 
tion,  was  described  in  the  final  report  of  the  prc.'vious  j)rogram.'’ 

Material  growth  and  diode*  fabrication  j)roc(>dures  are  continually 
being  refined  in  our  laboratory  as  tlu*  result  of  a numl)(*r  of  ongoing  IMl’ATT 
diode  programs.  I'or  this  rc*ason,  tlu're  are  several  differences  betwe>en  the 
diodes  produced  for  this  program  and  those  deve.'lojx'd  for  the  f>revious  program, 
h'irst,  silicon  (as  Sillj)  rather  than  sulfur  (as  H.^S)  is  usc-d  as  tlu*  n-tvpe 
dopant  (haring  vapor  phase  gnjwth  of  the  CJaAs  epitaxial  naaterial.  Silicon 
does  not  diffuse  as  rapidly  as  sulfur  in  (iaAs,  atad  silicota  dopiiag  aillows  naore 
precise?  control  of  the  dojaing  [arofile.  Alsea,  si licean -deaped  lauffer  laveaxs  eaf 
lower  resistivity  than  thease?  produced  with  sialfiar  deapitag  can  be  ealatained. 

This  r'educes  the  ser’ies  resistatace  of  ;iny  IMPATT  dieade  aaad  itae-reases 
efficiency.  Seceand,  the  deafaing  pi-eafile  speed ficatieaaas  for  the  new  dieades 
were;  refined  baised  eaaa  experiaaae'ntal  r'csults  eabtairaed  teaward  the*  e'aad  eaf  the 
previous  prograana.  The  charages  invealved  an  itacrease  in  electric  fie  Id  step 
and  a decreaase  in  drift  regiean  (leaping  tea  raise  the  dieade  efficietaev.  t'learly, 
dieade  efficiencies  eaf  2fa  tea  20  percent,  instead  eaf  20  tea  2."a  percent  as  typically 
eabtainead  in  previeaus  weark,  weauld  iiaaprove  the  eave'rall  transtaaitter  efficiency. 
Third,  a geald -germaniuna  eahnaic  back  ceantact  has  now  been  adeapted  as 
standard  fear  all  eaf  eaur  IMPATT  dieades.  This  re.'sults  iia  seanaewheit  leawer 
series  resistance  fear  higher  (‘fficiency,  and  seaiaaewhat  laaeare*  re'pe'atablc 
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diode  c’liaracd I't'i sties  than  could  he  achieved  with  the-  previous  chrome-af)ld 
hack  contact.  I'inally,  t)V  comparison  of  the  older  ('-hand  diodes  with 
X hand  dio(ii‘s  produc-ed  for  another  pro^jram,  it  hc'came  evidemt  that  the 
lunction  areas  of  the  early  C-l)and  diodes  were  quite  small  compared  with 
the  maximum  whicli  could  he  tolerati'd  in  tvpical  circuits.  Accordinfily, 
the  diameters  of  the  mesas  on  the  four-mesa  chips  were  increased  to  10  mils 
fi'om  tlu'  7-8  mils  uscal  previously.  This  change  |)ermitted  power  outy)uts 
of  15  \\  (nominal)  from  each  diode  package.  A four-diode  output  stage, 
having  simpler  bias  and  KK  circuitry  than  would  he  used  in  the  five-diode 
output  stage  originallv  prof)Osed,  then  became  possible. 

The  general  form  of  the  low -high -low  doping  profile  used  in  the  high- 
()Ower  diodes  is  shown  in  l•'ig.  5-3,  along  with  the  electric  field  profile 
present  in  the  reverse-biased  diode.  Notation  for  I'ig.  3-3  is  explamed  in 
Table  3-3.  The  doping  profile  specification  to  which  the  material  was  grown 
is  shown  in  Table  3-1.  'J  he  initial  specifications  were  refined  during  the 
course  of  the  work,  as  will  be  described. 

An  epitaxial  reactor  was  calibrated  for  the  growth  of  (’-band  wafers, 
and  th(*  first  wafer  was  delivered  to  the  si)eci fications  of  T;ibh-  3-4. 
during  Ajiril  IhTfi.  A total  of  six  wafers  was  delivercvi  during  the  April- 
through -.lune  time  {)eriod.  Diotle  processing  was  stiirled  on  fhes('  wafers 
as  they  were  recedved.  Toward  the  lalttm  |)ortion  of  the  growth  series, 
reeurri!ig  ])r-oblems  with  jjoor'  waf('r  surfaces  w('re  encoiinf c'red . These 
were  eventually  tr'acecl  to  a small  leak  in  the  reactor'  tube*,  which  was  re- 
paired. This  first  reactor  was  then  dedicated  toother  j)rograms.  A second 
epitaxial  re.actoi'  was  calibrated  for  ('-bund  growth  during  Septeml)er  197fi. 
This  reactf)!',  working  to  the  modified  specifications  shown  in  Table  3-4. 
was  to  be  used  to  grow  the  remaining  waft.'rs  required  for  the  program. 

My  the  end  of  September  lf'7(i,  diode  fabrication  and  UK  testing  of 
sample  units  from  th('  fi  I'st  six  wabms  had  been  completed.  A four-nresa 
[jlated -heat-sink  chip  typical  of  those  used  in  the  diodes  is  shown  in 
i’ig.  3-4.  'I  en-mil -diameter  tnesas  are  mounted  on  20-mil  centers. 


TABLE  3-3 


IDENTIFIc:A'nC)N  OF  NOTATION 


U 


HI 


'Thickness  of  ejhtaxial  buffer  layer  1 as  grown 


W 


H2 


Thickness  of  epitaxial  buffer  layer  2 as  grown 


U,. 


w 


l; 


w 


sub 


'Thickness  of  epitaxial  contact  layer  from  spike  to  surface 
as  grown 

'Thickness  of  epitaxial  drift  layer  from  spike  to  buffer 
layer  2 as  grown 

'Thickness  of  substrate  material 


Width  of  undepleted  epi  zone  in  diode 


X 


A 


X 


X 

p 


Deptli  of  avalanclu;  /one-distance  in  diode  at  breakdown 
measured  from  Junction,  or  Schottky  barrier 

'Total  depletion  depth -distance  in  diode  at  breakdown 
measured  from  junction,  or  Schottky  barrier 

Spike  depth-distance  in  diode  measured  from  jtinction, 
or  Schottky  barrier 


E|^  Electric  field  at  beginning  of  the  Iin(>ar’  field  portion  of 

the  drift  zone  in  diode  at  breakdown 


E 

max 


Electric  field  at  Junction  or  Schottky  barrier  in  diode  at 
breakdown 


AE 

"hi 

"R2 

nj3  or  n2 
n 

P 

"sub 
nj^  or  n^ 

fi 

6 

7 


T'ield  step  occurring  across  doping  s()ike  in  diode  at  l)reakdown 
Electron  concentration  of  Iniffer  layer  1 

Electron  concentration  of  buffer  layer  2 

Electron  concentration  of  drift  layer 

Measured  electron  concentration  at  peak  of  doping  spike 
Electron  concentration  of  substrate 

Electron  concentration  measured  with  zero  bias  appliexl 
to  junction  or  Schottky  barrier 

Base  width  of  doping  spike  measured  at  1.5 

Full  width  of  doping  spike  measured  at  half  height  (0.5  n^) 
W'idth  of  doping  transition  from  drift  layer  to  buffer  layer  2 
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TA1U>E  3-4 


spi:c:ii’ic’A'noNS  for  5 (iiiz  ri:ai)  wafers 


18  ”8 

VV  , ~400  micrometers  n ,>1X10  cm 

sub  . .V  sub 

(thinned  in  processing) 


Wj^l  5- 10  micrometers 

W |^2  ~1 . 5 micrometers 

W.  3- 10  micrometers 

(preferably  ~9) 

X ~0.25  micrometers 

P 

6 ~0.04  micrometers 

AE  ~3.  3 X 10^  V/ cm 


nj^,j  ~ 2 X lO^  cm 
~ 2. 3 X 10^^  cm 

n < 2 X lO^'’  cm‘^ 
s 

n ~4.8X  10^"^cm 
P 


C llANGllS  TO  HE  IMPLEMENTED  IN  FUTURE  GROWTH  RUNS 

W'j^  = 9-11  micrometers  (preferably  ~10) 

X = 0. 20  micrometers 

P 

AE  = 3. 0-3.  3 X lO'"’  V/cm 

n„  = 2. 0-2.  4 X 10^''’  cm  ^ 


Tin-  completed  chip  is  approximately  40  mils  square.  The  cliips  were 
soldereil  into  mici’owave  packages,  and  gold  mesh  was  used  to  contact  the 
mesa  tops  as  is  shown  in  tlie  cut-away  view  of  f'ig.  3-5.  I. ids  were 
wt'lded  on  the  packages  to  complete  a hermetic  seal  of  each  diode. 

Table  3-5  shows  the  best  results  obtained  through  the  end  of  Sep- 
tember in  C\V  oscillator  tests  of  all  six  diode  lots.  In  all  cases,  the 
diodes  used  four-mesa  PltS  chips  with  1 0-mil-diameter  mesas.  Thermal 
resistances  were  typically  4*^C/W,  and  maximum  powers  were  achieved 
with  junction  temperatures  in  the  200  to  220^C  range.  Where  "best  power" 
and  " Ijest  efficiency"  occurred  under  substantially  different  conditions,  both 
results  are  listed.  A "top-hat"  o.scillator  circuit  of  the  type  shown  in 
big.  3-f)  was  used  for  these  tests. 


FA  hit:  3-5 

Hi:ST  RESULTS  EV  CW  OSCILLATOR  TIJSTS 


l5iode  hot 

Wafer 

P (W) 
o 

f(ClIz) 

q ( "'  ) 

004 

81005 

12.83 

(i.  510 

2 3.  3 

005 

81007 

14.88 

5.835 

2 0.  2 

00  0 

81008 

15.38 

5.  735 

20.  0 

007 

81010 

18.21 

5.  24  7 

25.  7 

15.80 

5.  (iOt; 

2(i.  7 

000 

81915 

21.01 

4.801 

20.  5 

0 10 

81034 

17.55 

4. 874 

28.  4 

The 

results  obtainc'd 

indicate  that 

the  wafc'r  seh'ction  criteria  ust'd 

were  adequate  for  producing  diodcus  with 

the  power  and  e 

fficii'ncy  levels 

r«‘<piired  in 

the  transmittc'r 

output  stage. 

J''ive  of  th('  six  diode  lots  contained 

units  which 

reached  or  e.xceeded  the  15-W  (nominal)  power  output  level. 
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I'M^uro  :i-(i  C'-HancJ  Top-llat  (Oscillator 


Tlu'  I'ffic'it'tu'ii's  of  these  diodes  also  exceeded  22-2H  percent,  which  had 
been  typical  durinf:;  the  previous  projjr.am.  ^ 'I’he  spread  of  preferred  operating 
frequencies  was  fjreater  than  desired,  how(>ver,  and  operatin(^  frecpiencies 
tetided  to  he  ^'reater  than  5 GHz.  The  doping'  profile  chanjjes  indicated  in 
Table  3-4  were  implemented  to  correct  this  situation  in  the  remaining  wafer 
growth  runs  to  be  made  during  the  [mogran  . 

Th(>  results  from  lot  t'On  are  yiarticularly  interesting.  Through  the 
end  of  Sej)tember,  IG  diodes  had  been  made  from  the  wafer.  Of  thes(>, 
sixtec'ii  survived  CW  oscillatoi-  tests.  All  of  the  survivors  produced  more 
than  IH-W  t'W  output.  Also,  eight  diodes  of  the  sixteen  produced  more 
than  30-W  C'W  output.  Thus,  while  the  30-W  diode  must  still  be  regarded 
as  an  experimental  device,  it  is  more  than  a one-of-a-kind  accident.  I’urther-, 
diodes  [)roducing  la  W with  about  2a  j)ercent  efficiency  can  be  fabricated  in 
sufficient  quantities  to  complete  the  transmitter  output  stage  in  the  four- 
diode  configuration  planned. 


2fi 


;i .2.2  I'lic  powor-ronihinin^^  cii-cuit 


.2.2.2.  1 (’.cnri-al  ci  fruit  typc.s  anri  oporating  modos 

Will  If  ciffiiit.s  for  combining  ilic  powc'r  output.s  of  microwave  diodes 
inav  take  a nutnljer  t)f  diffeiamt  tortTis,  itiev  u.suallv  belong  to  one  of  two 
general  classes,  lh(>  tandem  and  parallel  power  combiners.  These  two 
tvpi'S  are  illustratc'd  in  T ig.  3-7.  The  tandem  power-combining  circuit 
is  a succession  of  low-gain  timplitier  or  injection -locket)  oscillator  stages 
containing  equivalent  IMI’A  T T diodes.  The  earlim-  stages  in  the  chain  are 
ad|u.sted  for  higlu'r  gaiti  and  the  lati'r  .stages  tor  lower  gain  .so  that  each 
stage  contributes  to  the  ongoing  signal  the  maximum  power  which  its  diode* 

( an  produce'.  I'ht.s  type*  of  combine'r  ti'iids  to  be'  .seve're'ly  limited  by  circuit 
losses,  particularly  in  the  latei'  stages,  where  the  power  consumed  by  a 
fraction  of  a decibe'l  of  lo.ss  ('an  approach  the*  power  contribution  of  the 
diode.  M.'cause  of  this  lo.ss  limitation,  the  tandem  power  combiner  was 
not  se  lected  for  us('  in  the'  deliverable  transmitter.  The  parallel  power 
combiner  is  .a  single  refle'ction  amplifier  or  injection -locked  o.scillator  stage 
with  multifile  active  ('lerne'nts.  ( ircuit  losses  tend  to  ace'umulatc'  les.s 
rapidlv  in  this  tvpe  of  circuit  than  they  do  in  the  tandem  pov,er  combiner. 

Tlu'  power-combining  circuits  c'onsidered  for  use  in  the  deliverable  trans- 
mitter' are  all  of  the  fiarallel  type. 

There  are  two  general  types  among  the  paralle'l  power  combiners. 

In  the  ff'son.'int  power  combine'r,  there  is  a single  re'sonator  to  which  an 
ensemble  of  diodes  is  coupled  and  from  which  the  output  power  is  extracted. 
In  the-  nonresonant  power  combiner,  an  ensemble  of  oscillators,  each  with 
its  own  resonator,  is  locked  to  a common  reference  signal  ;uid  coupled  to 
a single  output  port  through  a broad -bandwidth  multiport  hybrid  circuit, 
noth  resonant  and  nonresonant  power  combiners  were  considered  for  use 
in  the'  deliverable  transmitter. 
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Tandem  Combiner 


Output 


Parollel  Combiner 


Output 


N-woy  divider 


I'  ifjure  I wo  Itasic  Types  ;>f  l’ow»»r  (’omliin^r.  Ilach 

is  stinwn  cointii.u'ci  with  a low  [Hiwer  tnaster 
oscillator  tiai.  imr  I 'M  capability  to  produce  a 
cr)rnplet»‘  transmitter. 
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« 

I 


'1 

i 

i 


I 


3.  2.  2.2  Cirruif  roquiremonts  anci  prrformanro 
limitations 

I horr  aro  two  pi'inripal  far  tot’s  which  limit  the  performance  of  a 
power -combining  cir<'uit.  The  first  is  circuit  loss  which  tends  to  reduce 
overall  efficiency.  The  second  is  the  presence  of  undesired  modes  of 
oscillation  in  the  circuit  which  maybe  caused  by  insufficient  diorle -to-rliode 
isolation  in  a nonresonant  power  combiner  or  by  the  presence  of  multiple 
resonances  in  a resonant  power  combiner.  These  limiting  factors  can  be 
describerl  in  terms  of  the  model  shown  in  !■  ig.  3-8. 

The  circuit  efficiency  is  a useful  quantity  for  comparing  the  relative 
performance  of  different  pow'cr  combiners.  This  is  defined  as  the  net  power 
contr'ibutf'd  by  the  power  combiner  divided  by  the  total  power  available  from 
the  diodes.  With  reference  to  Fig.  3-8,  one  can  write  n F.)/(N1’j^). 

The  circuit  efficiency  depends  on  the  circuit  loss  and  on  the  gain  at  which  the 
power-combined  stage  operates.  The  special  case  of  a power-combined,  free- 
running  oscillator  is  treated  by  allowing  the  stage  gain  to  become  arbitrarily 
large.  Circuit  efficiency  as  a function  of  loss  with  diode  gain  as  a parameter 
is  shown  in  Fig.  3-9. 

In  the  present  transmitter  design,  the  output  stage  operates  with 
somewhat  more  than  10  dll  gain.  The  goal  for  the  circuit  efficiency  in  this 
stage  is  70  percent.  A conservative  estimate  of  the  ma.'cimum  permissible 
circuit  loss  for  which  70  percent  circuit  efficiency  can  be  achieved  can  be 
found  by  using  the  G = 10  curve  in  Fig.  3-9.  This  shows  that  a total 
circuit  loss  of  1 . 2 dll  can  be  tolerated.  .Since  the  loss  of  the  circulator  is 
likely  to  be  ~ 0.  4 dll  per  pass,  a loss  of  0.8  dll  can  be  toleraterl  in  the  power 
combiner  itself.  Smaller  losses  will  result  in  circuit  efficiencies  greater 
than  70  percent. 

Stability  against  undesired  modes  of  oscillation  can  be  assured  in 
the  case  of  a resonant  power  combiner  by  using  a cavity  resonator  which 
has  only  a single  resonance  in  the  band  of  frequencies  where  the  diodes  have 
appreciable  negative  resistance.  When  a relatively  small  number  of  diodes 
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F injure  3-8 


Model  Used  for  Analyzing  the  I.im itations 
of  the  Microwave  Power  Combiner.  N 
identical  diode  modules,  each  capable  of 


producing  a power  output  Pj^, 
inned  in  a single  stage. 
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is  to  be  cornbinf'd,  as  is  thr  c'aso  horo.  tho  simplfst  tochniquo  for  roalizlnfr 
sinplo-nuMio  opoi-ation  is  to  use  a I’M ^ j ^ -modo  cylindrical  cavdty  with  a 
h(M,a(it  of  O.ri  wavc'lcn^th  or  loss.  'I'hcn , th('  TM^jQ-mofic  resonance  has  tlu‘ 
lowest  fri'qiicncv  of  any  l av'ity  mode,  and  the  next  rnofle  is  nf'arU'  40  perct'nt 
higher  in  fri'qm'ncy  - well  out  of  the  operating  band  of  the  diodes. 


In  the  c-ase  of  the  nonresonant  power  combiner,  the  stability  re- 
quirement t!-anslates  into  a minimum  permissible  isolation  between  fliorie 
modules.  Hasicallv,  at  (>ach  diofle  port  the  desired  locking  signal,  .supplied 
by  the  \’('0-firiv('r  subassembly,  mu.st  be  larger  than  the  interfering  " 
signal.s,  a.ssunu'd  uncc)r‘r('latefi , from  the  other  diodf*  modules.  Defining 
e . as  the  requiretl  isolation  in  dH,  one  finds  that: 


(!>./  .M  10'^*'  ^ ’O'  > (N-1  ) I>,j 


10 


- (u.  / 10) 

1 


is  the  condition  for  locking  in  the  correct  mode.  In  the  present  transmitter 
design,  D.  3W,  N 4,u  1.2,  Dj^  14.7  W,  ;md  the  minimum  isolation 

is  1H.9  dH.  In  practice,  an  isolation  substantially  above  20  dH  would  be 
desirable.  This  isolation  should  be  maintained  over  at  least  a 20  percent 
bandwidth,  the  normial  range  for  which  th('  diodes  c;ui  produc'e  substantial 
power  output. 


:i.2.2..'l  Circuit  designs  for  the  transmitter  output 
stage 


:i.  2.  2.  ."1.  1 Dielectrically  loaded  cavity 

During  the  previous  program,  six  high-power  ClaAs  IMP.A  IT  diodes 
were  successfully  combined  in  a resonant  cavity  circuit.  When  operated 
a.s  a free-running  o.scillator,  the  circuit  produced  62-W  ( V\  output  at 
.5.  120  f’lllz  with  20.0  percent  DC-to-KI'  conversion  efficiency.  It  was 
successfully  oper-ated  as  an  in  jection -locked  oscillator  with  nearly  2.1  dH 
of  locking  gain. 
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During  thr  time  poriod  rovrrud  by  this  roport,  diodos  from  lots  907, 
909,  ;ind  910  wore  siu'cr'ssfully  oprratrd  as  singlr-diodo  oscillators  in  the 
old  cavity.  Power  outputs  were  typically  within  0.  5 flH  of  the  powers  mea- 
sured in  our  standard  "top-hat"  test  oscillator.  t his  demonstrated  that 
imp('ri;uic('  conriitions  suitable  for  the  new  4X  1 0-mil -diameter  mesa  diofies 
coulfi  b('  provided  in  the  cavity  circuit. 

The  prt'vious  cavity  circuit  was  too  large  and  heavy  to  use  in  the 
present  transmitter.  One  way  to  reduce  the  size  of  the  circuit  while  retain- 
ing its  high  efficiency  and  single-mode  characteristics  is  to  fill  the  cavity 
with  dielectric  material.  When  material  of  flielectric  constant  K ~ 4 is 
used,  the  complete  cavity  circuit  can  be  reduced  to  a cylindric-al  volume 
1 . 7 inches  in  fliameter  and  ,3  inches  long.  I’he  dielectrically  loaded  cavity 
is  thus  one  form  in  which  the  new  transmitter  output  stage  could  be  realized 

Figure  3-10  is  a schematic  representation  of  the  transmitter  out- 
put stage  using  the  loaded  cavity.  Four  high-power  GaAs  Head  IMPATT 
diode.s  are  coupled  to  a common  ’FM^jQ-mode  cavity.  Except  for  a small 
hole  on  axis  and  the  cutouts  required  to  pass  the  coaxial  lines,  the  cavity 
is  filled  with  di('lectric.  .STYC'AS'F  36  DA,  manufactured  by  Emerson  and 
( uming,  Inc.  , appears  to  be  a suitable  dielectric.  This  material  has  a 
dielectric  constant  of  3.  7 and  a loss  tangent  of  0.  0007.  The  cavity  frequenc 
is  controlled  by  the  dielectric  rod  tuner,  and  output  c-oupling  is  adjusted  by 
moving  the  coaxial  probe  axially.  Coupling  of  the  diodes  to  the  cavity  is 
adjusted  by  changing  the  slug  transformers  and  by  moving  the  diodes  axially 
I'hf'  requii-ed  D( ' bias  is  supplied  to  the  individual  diodes  along  the  coaxial 
center  conductors  whic'h  pass  through  lossy  terminations  in  the  top  of  the 
cavity  structure.  Cooling  of  the  cavity  can  be  provided,  either  by  including 
an  appropriate  water  jacket  or  by  mounting  the  cavity  against  a cold  plate. 

The  operating  principles  'or  the  resonant  cavity  power  combimm 
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are  now  fairly  well  understood  and  have  been  described  elsewhere.'  The 
chief  difference*  which  will  occur  with  the  dielectric -filled  cavity  is  a re- 
duction in  unloaded  from  ~ .5000  to  ~ 1400  because  of  the  losses  in  the 
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Figure  3-10  Schematic  Representation  of  the  Power 

Output  Stage  Using  a Dielectrically-l.oaded 
Cavity-Type  Power  Combiner. 
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S'l'^’t'AST  matffial.  This  will  rfsulf  in  somewhat  lowei'  circuit  efficiency  and 
less  freedom  in  tlu'  choici*  of  cavity-coupling  adjustments.  However,  the 
prt'vious  circuit  operated  with  a loaded  of  ~100,  less  than  10  percent  of  the 
reduced  unlcKuled  C j , so  less  tlu\n  10  percent  of  the  available  f)ower  should  be 
consumed  in  dielectric  losses.  This  sliould  stiil  [un-rnit  a cu'r-c-uit  efficiency 
of  at  least  RO  percent,  since  the  full-size  unfilled  cavity  had  a circuit  efficiency 
of  ~90  percent. 

Thf'  cavity  circuit  can  meet  the  ne(>ds  of  this  program  and  has  a high 
probability  of  initial  success  based  on  our  pr-evious  experience.  However, 
it  involves  complicated  machining  and  will  probablv  be  rTiore  e\pens:Vf‘  in 
prt)duction  than  the  microstrdp  circuits  to  be-  dc'seriber]  in  the  following 
section.  For  thi.s  reason,  it  is  consideretl  a back-up  design  to  be  pursued 
only  if  the  microslidp  circuit  developnif'nt  encounters  severe  rlifficulties. 

3.  2.  2.. 3.  2 Xonresonant  power  combiners 
3. 2.  2.  3. 2.1  ( ircuit  tvpes 

Nonresonant  power  combiners  can  take  one  i)f  several  formts.  These 
forms  can  usually  b('  divided  into  two  Iiroad  classt's.  In  file  first,  tin'  divi- 
sion of  ill'  power-  from  tlie  output  port  back  to  thf>  diofle  moriules,  is  accom- 
plisiiefi  by  cascading  dividers,  each  of  which  has  a relatively  small  number 
of  ports.  In  the  second  < lass,  the  division  is  accomplished  in  a single 
multiport  power  divider/ combiner.  These  classes  are  illustrater]  in 
Fig.  3-11. 


The  cascade  of  3-dl?  hybrids  allows  the  combination  of  2‘  diodes, 
whf*re  N is  the  number  of  levels  in  the  cascade.  Fircuit  losses  tend  to 
accumulate  rapifily  as  the  number  of  levels  is  increased.  I'he  practical 
limit  for  thi.s  type  of  circuit  is  reacherl  when  8 or  pm-haps  1 fi  diodes  are 
combined.  Initially,  cascades  of  3 -dll  hybrids  were  not  considm-t'd  for  use 
in  the  transmitter  output  stage  becau.se  a five-diode  stage  was  planned. 
Since  the  present  flesign  includes  a four-rliode  output  stage,  a two-level 
ca.scafle  of  low-loss  hybrirhs  would  be  acceptabh*.  It  appears  to  be  possible 


to  meet  the  0.8-dR  excess  loss  limit  allowed  ff>r  the  power  combiner  when 
a circuit  efficiency  of  70  [lercent  is  required. 

S(>veral  sinyb'-level  nonresonant  power -combining  circuits  have  been 
c oiisidert'd  for  use  in  the  transmitter  output  stage.  These  include  the  radial 
line,  or  "rising  sun,"  combiner;  the  Wilkinson  coupler,  and  a moriifit'd 
Wilkinson  couplei-  described  bv  Cvsfd.  ’ The  rafiial-line  circuit,  shown  in 
I'ig.  3-12,  was  the  output  stage  combiner  c>riginally  proposed.  It  has 
the  advantage  of  i-elativelv  simple  fabrication  with  the  number  of  diode  ports 
not  restricted  to  2^.  However,  there  are  a number  of  disadvantages  of  the 
circuit.  It  is  diffic  ult  to  achieve  adec}uate  isolation  between  the  diode  ports; 
thc>  radius  of  the  circuit  is  large  (i  wavelengths);  the  line  segments  become 
ciuite  wide,  leading  to  moding  problems,  when  small  numbcms  of  cliodes  are 
combincui;  ;uid  the  powcu'-dissipat  ing  capability  of  the  thin-tilm  rc'Sistive 
material,  which  must  absorb  the  power  unbalance  among  diode  modules,  is 
limited. 


The  Wilkinson  and  f'lysel  cir'cuits  are  potentiallv  more  compact  than 
the  radial-line  circuit,  since  they  ai-e  composed  of  quarter-waveU-ngth  line 
sc'gmenls.  The  arrangement  of  each  circuit  for  the  case  of  two  output  poi’ts 
is  shown  in  I’ig.  3-13.  Both  can  give  adequate  performance  in  terms  of 
los.s  and  isiclation.  Ilowevcu',  the  Civsel  circuit  offers  one  pardicular  ad- 
vantage where'  high-i>c)wer  dioejes  are  to  be'  combined.  1 he  terminating 
rc'sistors  7..^  , which  must  dissipate  any  power  unbalance  between  the 
diode.s,  are  connecteci  from  line  to  ground.  They  can  be  high-power  loads 
[)lacrd  at  the  enci  of  tr’ansmission  line  segmetits  of  c-haractc'ristic  impedance 
thus  removing  them  from  thc‘  ('enter  of  the  circuit.  Since  powcu'  un- 
balances of  several  watts  can  occur  in  the  event  of  a diode  failui'e,  high 
[)(jwer  loads  are  required  in  the  present  application.  In  thc'  Wilkinson 
circuit,  the  termination  is  connected  from  line  to  line.  .Small  chip  resistors 
are  comiTionly  used  for  thus  purpose  in  microstrip  circuits.  1 hese  resistor's 
have  limited  pow('r-dissipating  capability  and  would  be  unsuitable  for  the 
pr(‘Sent  afrplicat ion . .Actual  ( ircuits  of  the  Wilkinson  and  (lysel  tvpes  are 
shown  in  b'igs.  3-14  and  3-1.5  to  demonstrate  this  difference  in  the  termina- 
tions . 
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I’iRure  1^-13  Transmission  Lino  ('onfit>urations  for 
Wilkinson  and  (lysel  Hybrids  with  two 
Output  Ports. 
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I'iffuro  3-11  Widohatiri  Two-l’ort  Wilkinson  Hybrid 

in  Microstrip  Confii^uration  . In  this 
double-soctinn  circuit,  tlio  terminations 
arc  small  chip  resistors  connecteci  t'rom 
1 ini’  to  1 ine . 


■to 


'I'wo-I’ort  (lysel  llylirici  Realized  in  I'lM- 
l.ine  C'onfifTUfat ion . Terminations  are 
mounted  external  to  the  circuit,  and  can  he 
h itjh -power  ( )SM  loads. 


T'iljure  3-1  T) 
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'^.2-2.  ^.2.  2 Transmission  lino  *v^pfs 

Tho  nonrosonant  powor -comhin in^  circiuls  ran  bo  roalizod  in  any  ono 
of  sovoral  clifforont  transmission  lino  morlia.  Thoso  considorod  for  uso  in 
tho  prosont  program  inrludo  ordinary  mirrostrip  line,  suspondor]  microstrip 
line,  balanced  stripline,  anri  trapper]  inverter]  microstrip  (TIM)  lino.  Each 
has  some  particular  advantages  anrl  rlisarlvantages. 

Conventional  microstrip  is  the  most  commonly  used  of  the  transmis- 
sion line  typos.  There  is  a great  deal  of  experience  ir.  its  use,  and  fabrica- 
tion costs  are  relatively  low.  The  circuit  is  accessible  for  adjustment  after 
fabrication.  Microstrip  has  a number  of  disadvantages:  losses  are  the  highest 
of  any  of  the  types  of  line:  fringing  fields  are  fairly  strong,  making  a high 

level  of  isolation  difficult  to  obtain;  and  techniques  normallv  used  for  tuning 
the  circuit  are  inconvenient. 


Suspended  microstrip  offers  iow'er  Josses  than  conventional  micro- 
strip,  and  the  air  gap  betw'een  the  circuit  and  the  ground  plane  permits 
convenient  tuning,  futher  with  dielectric  slugs  or  tuning  screws  inserted 
through  the  ground  plane.  Fabrication  costs  are  similar  to  those  of  con- 
ventional microstrip,  but  fringing  fields  are  greater,  making  good  isolation 
more  difficult  to  obtain. 

Balanced  stripline  with  air  dielectric  offers  the  lowest  loss  and 
highest  isolation  of  any  of  the  transmission  lines.  Fabrication  costs  are 
relatively  high  because  two  ground  plane  structures  are  requireri.  'I'he 
access  to  the  circuit  for  tuning  is  difficult  once  the  assembly  has  been 
completed. 

Trapped  inverted  microstrip  ('TIM)  line,  recently  described  by 
Huntschuh,  appears  to  offer  a number  of  advantages  for  the  present  pro- 
gram. Figure  3-10  shows  the  TIM  line  structure.  This  is  basically  a trough 
line  with  a dielectric  overlay.  Compared  w'ith  conventional  microstrip,  di- 
electric losses  are  reduced  because  most  of  the  wave  energy  propagates 
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in  tlio  air  fjap.  ( ondurlor  lossc's  arc  rctiucod  because  line  witlths  are  greater 
at  a giv(>n  impi'dance  level,  thus  reriui'ing  eurri'nt  density.  Isolation  is  im- 
proved because  fringing  fieUis  tend  to  be  eonfinerl  within  (he  fJieb'ctric  over- 
lav  near  the  cliannel.  Tuning  ciiii  he  accomplished  hv  inserting  tuning  screws 
into  the  channel  through  the  ground  plane  or  by  sliding  riielectric  slugs  along 
inside  th(>  c hannel.  T ahrication  costs  are  higher  than  those  for  conventional 
microstrip.  Thi'  substrate  processing  is  similar,  hut  the  ground  plane  is 
more  difficult  to  produce  because  the  channel  must  he  formed  under  the 
ci rcuit . 


Results  reported  by  Huntsehuh  show  effective  dielectric  constants  of 
about  .3  - .3.  h for  TIM  lines  using  alumina  substrates,  which  confirms  that 
much  of  the  wave  energy  propagates  in  the  channel.  Loss  per  wavelength  is 
about  0.05  dH,  approximately  00  to  70  percent  of  that  present  in  conventional 
rnierostrip.  Much  of  this  loss  is  conductor  loss.  A further  reduction  could 
be  achieved  by  usirif^  a Cr-fu-.Au  metallization  instead  of  the  simpler  Cr-.Au 
system  used  in  Huntsehuh' s tests. 


.3.  2.  2.  3.  2.  3 Progress  in  nonresonant 

power -combiner  development 

Th<>  nonresoncutt  power  combiner  has  been  pursued  as  the  primary 
circuit  for  use  in  the  transmitter  output  stage.  The  dielectincallv  loaded 
cavity  described  earlier  is  at  present  considered  ati  alternative  to  he  used 
if  difficmlties  are  encountered  with  the  nonresonant  power  cc^mhiner. 

'['he  first  ma  jor  steps  in  the  non  resonant  powf'f  combiner  develop- 
ment were  the  selecRion  of  the  (Jysel-tvpe  circuit  just  eh'seriheeJ,  ;infl  the 
selection  of  'TIM -line  as  the  transmission  line  mcflium  for  use  in  this 
circuit.  The  option  of  using  eitlu>r  a single  (lysed  eireuit  with  fenir  eiioele 
ports  or  a case-aeie*  of  units  with  two  elioeie  ports  remaineei  at  (he>  enel  of  the 
repejrting  period. 

The  two-port  ;ind  four-port  (lysel  circuits  were-  extensivedv 
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:inalv/(>fl.  I'iifure  3-17  shows  the  circuit  model  used  in  this  analysis. 

All  ihc  t ransmi  ssioti  line  segments  /, , , Z.^,  Z^^  are  \f  4 lonjj.  h'or  con- 

venience, th('  input,  the  output,  and  the  termination  impedance  have  been 
set  equal  to  Z^^,  nominally  aO  ohms.  With  thi.s  choice  of  impedances,  the 
input  and  output  ports  will  be  matched  if  Z,^  Z^  and  Z,^  = Z^  for 

arbitrarv  Z^  and  Z^.  The  choice  of  th<'  imprsiances  within  these  con.straints 
will  affect  the  frcHpiencv  d('pendenc('  of  the  c'ircuit.  In  the  analysis,  trans- 
mission line  lossf’s  were  n(>ylected,  Init  losses  causc'd  bv  mismatches  anri 
bv  dissipation  in  the  internal  terminations  were  included. 

bii^ures  3-18  and  3-1  ft  sumiTiarize  the  computed  performance 
for  a two-por-t  .a-(!II/,  (lysel  circuit  with  line  imperiances  Zj  Z,^  - Z^  = ,301 
and  Z,^  70.7*.'.  In  an  18  percent  bandwidth  centered  on  .3  (IHz,  ma.ximum 

input  \ S\\  K is  1.2,  maximum  output  \ S\\'H  is  1.1,  maximum  loss  is  0.2  dH, 
and  minimum  isolation  betwe('ti  outputs  is  23  till. 

I'iqmres  3-20  throuf^h  3-23  summarize  the  computed  performance 
for  a four-[)ort  3-(ilIz  flysel  circuit.  Results  for  three  different 
cases  art'  shown:  (1)  ^ Z.^  Z^  30  <2,  Z^  100 '2;  (2)  Zj  2312, 

Z.,  Z.,  Z,  3012-,  ;uid  (3)  Z,  Z._  3012,  Z,  = 10012,  Z,  2512. 

l h('  best  overall  performance'  was  founel  in  the'  first  case*.  I'her-e,  for  a 
23  per’cf'iit  bandwidth  c('ntered  on  3 ('.Hz,  maximum  input  \'.SWR  was  1.2, 
macirnum  outfnit  \'.SWR  was  1.1,  maximum  loss  was  0.2  dH,  and  minimum 
isolation  bf'twf’en  output  ports  was  30  dH.  Case  (3)  offered  lowc>r  loss  ;ind 
a better  iri[)Ut  match,  but  had  poorer  isolation  and  output  match. 

I'he  computed  performance  for  the  Cysel  circuits  exceeeis  the  re- 
eptireme'nts  ten  loss,  isolation,  anei  hanelwielth  in  the-  trtinsmitter  output  stage. 
In  [eractice,  limitations  on  VSWR  will  probably  he  defineei  by  the  coax  to 
ThM-litm  transitions  useei  to  make  e'onne-ctions  to  the'  e'xternal  mici'owave 
system.  If  losse-s  in  the-  transmission  line  elo  not  aelei  to  the'  computeel 
losse's  sulestantially,  a circuit  e'ffie-ie'ncv  abteve  70  percent  should  be  possible 

Symrne'try  tef  the'  powc'r -ctemhiner  circuit  is  impeertant  both  to  insure 
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[.’igure  3-17  MckJpI  for  a Gp/icrali/^pfi  .\-Poi-t  Gysrl  ( 'Lia-uit. 
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3-1  n ('onif)uted  Loss  from  the  Common  Port  to  One 
Diode  Port  of  a 'I'wo-Port  (lysel  C'ircuit.  The 
notjiinal  power  division  results  in  3 dH  loss;  loss 
above  3 dH  represents  unrecoverable  dissipated  power 
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Fi(<ure  3-20  C'omputed  [,oss  from  the  Common  I'ort  to  One  I Mode 

Fort  of  a i'  our-Fort  Cysel  Circuit  for  Three  Different 
Sets  of  Internal  I.irie  Impedances.  The  nominal  power 
division  results  in  0 dM  loss;  loss  above  0 dH  repre- 
sents unrecoverable  dissipated  power. 


LOSS  (dB) 


LOSS  (dB) 


Z 

I 

Z, 

Z, 

Z^ 

1 

2 

3 

4 

(1) 

50 

100 

50 

50 

(2) 

25 

50 

50 

50 

(3) 

50 

100 

50 

25 

PBN-77-1 


\ 

\ \ 

\ \ 

\ \\ 


V\ 

w 


. n 

\\  // 

\\  'I 

\.  ! 


/ / 

// 

ii 

!/ 


\ Vi  •' 

\ il  3 

\ ill 


5 0 

t (OHz) 


l-'igure  3-22  C’omputod  Return  Loss  at  One  Diode  i’ort  in  a 

l''our-I’ort  (iysel  (Circuit  for  I'liree  Different 
Sets  of  Internal  Impedances 
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bal;uii'(‘  h('tw('('n  1h('  signals  at  tht'  output,  ports  anri  to  r’oduco  tho  probability 
of  oxciting  unih'sirod  modes  in  the  stmu  turo.  One  problem  is  that  a sym- 
metrical arrangement  of  the  circuit  of  b ig.  3-17  (i.e.,  one  in  which  the 
output  [)orts  are  indistinguisliahle)  cannot  he  realized  on  a plane  surface 
when  thei-e  are  more  ihan  two  output  ports.  However,  symmetrical  circuit 
topologi('S  are  possible  with  more  than  two  output  ports  if  polyhedral  sur- 
faces are  used.  One  possible  arrangement  for  a four-port  power  combiner 
is  shown  schematically  in  Fig.  3-24.  Here,  the  circuit  is  spread  on  the 
surfaces  of  a cube.  Symmetry  is  preserved  in  that  the  four  output  ports,  to 
which  diode  modules  are  connected,  cannot  he  distinguisherl  from  each  other 
without  artificially  marking  the  cube'.  I'he  structure  is  compact  since  each 
riM-line  segment  is  of  order'  \/  4 in  length.  However,  bending  the  lIM-line 
cir'cuit  around  the  corners  of  the  cube  will  po.se  a difficult  fabrication  prob- 
lem. It  may  prove  simpler  to  u.se  a ca.scade  of  two-port  circuits  to  obtain 
th(’  I'f'quired  four  diode  port.s.  I'he  performrmcc  of  the  cascatled  circuits 
will  not  Ire  a.s  good  in  terms  of  loss  or  bandwidth  as  that  of  the  single  four- 
port  cir(  nit,  but  a circuit  ('fficiency  of  70  percent  should  still  be  possible. 

I'he  hardware  for  tlu'  TIM -line  nonresonant  power  combiner  was  to 
be  devrdofred  in  a sf’fie.s  of  .steps,  l irst,  aO-ohm  lirif'  .st'gments  of  variou.s 
lengths  wife  to  be  fabricated  and  tested,  both  to  gain  exneriema'  with  what 
was  to  us  a new  transmission  line  medium  and  to  obtain  some  basic  loss 
and  impedam  !•  data.  A simple  two-port  tlysel  circuit  was  then  to  >.('  con- 
structed. l-Dllowing  tf'sts  of  this  unit,  the  power  combiner  for  the  'riuis- 
mitter  out[)Ut  .stage  wa.s  to  be  fabricateri.  Thi.s  could  be  (dther  a .single 
four-port  circuit  oi'  a two-level  ca.scade  of  two-port  circuits. 

At  the  close  of  the  period  covered  by  this  rc'port,  ground  planes  for 
the  50-ohm  I lM  line  tr-st  sections  and  for  the  basic  two-port  power  combiner 
had  been  completed.  I'he  first  substrates  for  the  50 -ohm  test  lines  had  been 
received  but  were  re|ected  for  [loor -quality  metallization.  Replacements 
for  these  had  lieen  recc-ived  and  were  awaiting  test,  after  which  construction 
of  substi'ates  for  the  two-por't  power  combiner  could  proceed.  The  system 
shown  in  I'Tg.  3-25  had  been  developed  for  making  transitions  between  TIM- 
line  and  the  SMA  connectors. 
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l'i(rure  3-25  TIM  Line  to  SMA  'I'ransition.  'Hie  gold  ribbon  is  thermo- 
compression bonded  to  the  TIM -line  circuit  metallization, 
and  soldered  to  the  center  conductor  of  the  SMA  connector 
using  a hot-gas  gun. 
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■A.  2.  3 


IJiodc  modules 


In  Ihe  lu'sonanl.  power  c ombiner,  the  IMI’A'l'T  diodes  are  mcjunled 
in  coaxial  line  assemblies  which  are  an  integral  [jart  of  the  cavity  structure. 
The  nonresotiant  })c:iw('r'  comtdner,  in  contrast,  usees  discrete  oscillator  module 
which  art'  cou{)led  to  tlie  power-combining  network,  liventnally , intc;gration 
of  the  nonrc'sonant  combiner  and  thc'  oscillator  modules  as  a single  structure 
having  a common  type  of  transmission  line  should  be  possiljle.  For  this 
reason,  TIM -lint.'  was  selected  as  the  transmission  line  medium  in  which 
to  develo})  the  individual  high-power  oscillator  modules  for  the  present  pro- 
gr-am.  I'or  convenience  in  the  development  work,  however,  the  oscillator 
modules  to  'k'  used  in  the  deliverable  transmitter  will  be  constructed  as 
separate  units  rather  than  integratt'd  with  the  power-combining  circuitry. 

h'or  preliminary  testing  of  the  IMPATT  tliodes  in  a simple  circuit 
analogous  to  the  TIM-linc  oscillator  module,  an  existing  coaxial  oscillator 
circuit  was  usc'd.  The  circuit  is  shown  schematically  in  Fig.  3-2ri.  The 
diode  is  mounted  at  the  end  of  a length  of  7-tum  50-ohm  line.  The 
single  slug  serves  to  transform  50  ohms  to  the  circuit  impedance  required 
at  the  diode  terminals.  This  impt'dance  typically  has  a real  part  l)etween 
0.0  and  1.0  ohm  and  a ca|)acitive  reactive  component  between  4 and  8 ohms. 

A simfjle  computer  routine  was  written  which  gave  the  impedance  at  the  diode 
terminals  in  terms  f)f  the  j)Osition  and  dimensions  of  the  slug,  llias  was  fed 
to  the  diode  along  the  coaxial  center  conductor  through  a commercially 
available  bias  Tee.  A coaxial  test  kit  was  assembled  and  caliljrated  for 
making  pcjwer  output  nieasui’ements  on  the  coaxial  module. 

Tests  in  the  sim|)le  coaxial  module  were  intended  to  provide  data 
on  th(;  HI''  imfjedance  required  by  the  diodes  for  efficient  ojieration.  Such 
data  are  not  easily  obtained  from  the  top-hat  oscillator  normally  used  for 
preliminary  diode  <>valuation.  The  impi'dance  data  were  to  be  used  in  the 
d(,'sign  of  TIM -line  oscillator  modules. 
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l’'igure  3-2T)  Simple  Coaxial  Oscillator  Module 
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Tests  in  tlic  simple  coaxial  module  were  not  successfiil.  Stronf' 
bias  cireiiil  oscillations  wer'e  ('neountcTt-d , both  with  liiftli -j)f>w(!r  four-mesa 
diodes  and  with  older  small-ar(?a  single-mesa  diodes.  The  output  spectrum 
of  tin-  ccKixial  oscillator-  module  in  (he  pi-esence  of  strong  bias  circuit  oscil- 
lations is  shown  in  l-'ig.  3-117.  The  cause  of  these  bias  circuit  oscillations 
was  excessiv('l-y  low  bias  circuit  impt'dance.  .Shunt  caf)acitanc<»  of  the  bias 
Tee  was  about  4ti  pf  — approxi mat ely  thiu'c  times  larger  than  the  capacitance 
of  tile  bias  ('hoke  in  flie  usual  top-hat  oscillator.  Also,  the  Ith’  circuit  placed 
the  ')0-ohm  line  iiTipedancc'  in  parallel  with  the  bias  circuit,  further  reducing 
(he  effective  bias  source-  impedance.  In  principle,  these  oscillations  could 
have  been  eliminated  by  raising  the  bias  source  impi'dance.  ^ This  would 
be  accomplishe-d  by  using  a low -capacitance  bias  Tec  and  by  inserting  a 
low-capac-itance  IIC  block  in  the  coaxial  center  conductor  to  isolate  the 
module  and  bias  Tee  from  the  remainder  of  the  aO-ohm  .system. 

As  a/r  alternative  to  modifying  the  coaxial  system,  single-diode  os- 
cillator tests  were  made  in  the  six -diode  cavity  circuit  fabricated  during  the 
previous  program.'^  In  this  circuit,  the  diodes  are  mounted  in  a coaxial 
environment  similar  to  that  of  the  simple  coaxial  module.  (See  F'ig.  3-29.1 
The  cavity  provides  isolation  from  the  external  50-ohm  system.  The  non- 
r(!Sonant  bias  line  termination  has  smallei-  shunt  capacitance  than  the  bias 
Tee  used  with  the  coaxial  module.  These  differences  pc-rmittc-d  stable 
operation  of  the  diodes  without  bias  circuit  oscillations.  Diodes  from  lots 
907,  909,  and  910  were  tested  in  the  cavity  circuit,  and  produced  power 
outputs  within  0.5  dll  of  those  obtained  in  the  top-hat  oscillator.  The  cavity 
circuit  can  also  be  used  for  diode-  impedance  measurements,  but  such  measure- 
ments on  the  new  four-mesa  devices  had  not  Ijeen  completed  by  the  end  of 
September  1976. 

Lacking  precise  data  on  the  impedance  of  the  new  four-mesa  diodes, 
we  decided  to  proce<-d  with  a preliminary  dc'sign  of  the  TIM -line  oscillator 
using  the  imp(-danc<-  previously  measuri-d  for  th(>  smaller  (7-mil  mesa) 
four-m(!sa  diod(-s  fabricat(-d  during  the  previous  program.  This  diode 
impedance,  -0.8  + jO  ohms,  should  be  fairly  close  to  that  of  tiu-  new  diodes. 
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10  dB  per  division 


PBN-76-447 


100  MHz  per  divison 


I’i^furo  3-27  Output  Spectrum  nf  the  (NHanci  Coaxial  Oscillator 
with  Strong  50-MII/,  Mias  Circuit  Oscillations. 
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and  lh('  circuit  (iesifrn  process  should  rt'vcal  potential  problem  areas.  R(.-- 
tinenu'nt  to  accommodati'  slij^htly  different  diode  impedances  can  b(.'  made 
later. 


The  advantages  of  the  'I’lM-line  in  tc'rms  of  low  loss  and  reduced 
frimdng  field  have  been  described  previously.  One  shortcoming  which 
bet'omes  evident  when  designing  the  oscillator  module  is  the  difficulty  of 
faliricating  low-impedance  d'lM -line's  in  a well -controlled  fashion.  This 
is  shown  in  f'ig.  3-21),  which  gives  impedance  as  a function  of  line  width 
for  different  channel  widths,  t'or  impedances  leelow  ~20  ohms,  the  character- 
istic impedance'  of  the  line'  be'comes  a very  rapidly  varying  function  of  line 
width.  This  occurs  wheui  the'  line'  width  apfiroaches  the  channe'l  width,  leaving 
e)tily  a small  gap  betwe  e'n  the-  printed  ee)ndue'te)r  anel  the  side  walls  of  the 
channel.  Maintaining  a pai  tie  ular  (low)  impeelance  re'ejuires  a high  degree 
e)f  pree  isiem,  be)th  in  the  line'  and  channe  l widths  and  in  the:  alignme  nt  between 
the'  dielee  trie-  substrati'  and  the'  ground  plane. 

l igure  3-21'  shows  the  difficulty  which  arises  when  one  tries  to 
design  a single-ste[)  \/  l transformer  to  match  tiie  die)de  impeelance  te^  a 
')0  ohm  line.  Also  givi'n  are  twe)  alti'rnative  transfeermi'r  designs  which 
should  ri'ipiire'  less  pri'cisieui  in  substrate'  alignme'tit  and  dimensional  control 
of  the  conductors.  The'  singli'-se'ction  tr'ansforme'r  re'quires  use  of  a IdR-mil- 
wide  line  with  ;>  200-mil-widi'  channel.  Me-sides  the  eebvieeus  problem  of  ex- 
tremely tight  me'chanical  toU'rance'S  in  such  a structui'e,  one*  will  also  encounter 
I'xci'ssive  losse's,  and  possibly  electrical  breakdown,  be'cause*  of  the  high  electric 
field  in  the'  narreiw  gap  betwi'i'n  the  micre)strip  conducteer  ami  the  channel  wall. 
The  thri'e-se'ctieen  transformer  accomplishes  the'  desire'd  matching  to  the  diode 
inifie'danci'  witheeut  re'ejuiring  any  line*  impedance*  le^wer  than  2a  ohms.  The 
overall  liandwidth  of  the*  thre'O-se'Ctieni  transformer  can  be  made  greater  than 
that  of  the-  single'-sec'tion  transformer,  and  the  pree'ision  requireil  for  the 
17f)-mil-wide'  line's  will  ce'rtainly  be  less.  Some  price  is  paid  in  eeverall  size, 
howeve*!'.  'riie*  se*ries  capacitive*  gap,  followeil  by  a length  of  fiO-ohm  line,  is  in 
many  ways  the  most  attractive  matching  network.  Only  aO-ohm  lines  need  be 
printed,  anel  the*  capacitive  gaj)  provides  DC  isolatiein  from  the  remainde'r  of  the 
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TIM  Line  Imp<-dnnce  as  a I'unction  of  Line  W'idfh  tor  Svwr  1 Dilfere'nf  Channel 
Widths.  A channel  depth  of  IIO  mils  has  been  assumed. 
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niic-roslfip  c irc  uit.  This  isolatioti  is  important,  bocaiise  Uie  diocic-s  whic-h 
will  1)('  c onnc'cdi'cl  to  the-  oiids  of  the  aU-ohm  stub  linos  must  be;  inclependcmtly 
biased.  I'Tirtlu'r,  the  caparifanc'c'  of  tbc'  f^ap  is  so  small  that  it  imovents  the 
external  Rl''  c irc  uit  from  having  any  apprecdable  loading  c;ffecd  wbicdi  w'ould 
lower  the  bias  c-ircuit  i mpc'danc  c' . 'I'liis  hel{)s  to  f)rcamotc-  stability  against 
bias  cii'cuit  osc'illations . 

Wbilci  all  of  the  circuits  shown  in  Fig.  3-2Q  can  provide  the  re- 
(luired  impedance  at  the  diode  terminals,  none  has  any  provision  for  tuning 
after  fabrication.  The  capacitive  gap  circuit  can  be  tuned  by  adding  variable 
shunt  cai)acitances  spaced  a finite  clistanee  on  either  sicle  of  the  gap.  Such 
shunt  capacitances  can  he  realized  with  tuning  screws  insertc’d  into  the 
channel  through  the*  ground  jdane,  or  with  variable  stub  lines  realized  by 
sliding  dielectric  slugs  in  the  stub -line  channel. 

Figure  3-30  shows  the  imiiedance  range  which  can  he  obtained 
at  the  diode  terminals  by  adjusting  the  shunt  capacitors  in  a "series -gap" 
oscillator  circuit  operating  at  a GHz.  The  nominal  center  of  the  impedance 
range  is  0.8-Jf;  ohms,  the  circuit  impedance  r(.-quired  by  typical  high- 
[)ower  diodes  devidoped  during  the  previous  program.  The  circuit  model 
used  for  obtaining  the  impedance  values  is  also  shown  in  the  figure.  For 
this  {u-eliminary  analysis,  line  lengths  api)ropriate  to  a relative  dielectric 
constant  of  unity  were  used.  Note  that  nearly  independent  adjustment  of 
the-  real  and  imaginary  [>arts  of  Z is  possible,  with  C'.^  controlling  Im  [ Z] 
and  C'j  controlling  lie  1 Z]  , 

At  the  end  of  September  197fi,  the  capacitive  gap  circuit  with  shunt - 
tuning  capacitors  had  been  selected  for  use  as  the  oscillator  module.  Final 
HF  circuit  design  was  awaiting  data  from  terminal  impedance  measurements 
of  the  new  four-mesa  diodes.  The  bins  decoupling  network  also  had  to  be 
designr'd  before  fabrication  of  the  module  could  l)c  started. 


3.  3 Multichannel  Current  H emulator 


3.  3.  1 Ciencral  bins  circuit  considerations 

l''or  bias  voltages  less  than  the  breakdown  voltage  Vj^,  a reverse- 
biased  IMTATT  diode  draws  essentially  no  current.  The  current  is  a 
rapidly  increasing  function  of  voltage  for  bias  voltagias  larger  than  the 
breakde^wn  voltage.  With  this  type  of  voltage-current  characteristic, 
the  ojierating  point  of  the  diode  can  l)e  most  smootidy  controllcfl  if  bias  is 
supplied  from  a current-regulated  soui'ce. 

The  voltage-cui-rent  characteristic  of  a high -efficiency  CaAs  Read 
1MP.'\TT  diode  is  (juite  different  in  the  oscillating  and  nonoscillating  states. 
Self-rectification  of  the  large  KF  voltage  across  the  diode  tcnids  to  depress 
the  DC  o|H>rating  voltage  in  the  oscillating  state.  Tliis  depression  may  l)t' 
sufficient  to  cause  regions  of  incremental  negative  resistanc-e  to  appear  in 
the  DC  voltage-current  characteristic  of  the  diode.  This  beiiavioi-  is  il- 
lustrated in  the  curve  tracer  data  of  Fig.  3-31  • The  negative  resistance 
mav  produce  oscillations  in  the  bias  circuit. 

Brackett^  has  given  a good  phenomenological  explanation  of  the  origin 
of  the  fK'gative  resistance  and  of  the  techniciues  reepured  to  stabili/.e  the  bias 
circuit.  Basically,  the  bias  circuit  i.s  stabilized  by  maintaining  a bias  source 
impedance  that  is  sufficiently  large  to  make  tlie  net  bias  circuit  resistance 
(source  plus  load)  positive  under  all  operating  conditions.  Because  the 
negative  resistance  may  extend  to  frequencies  above  100  MHz,  stability  can 
be  assured  only  if  the  bias  source  impedance  is  kept  large  for  frequencies 
well  into  this  region.  This  usually  reejuires  a combination  of  active  and 
passive  circuit  techniques. 

The  voltage-current  characteristic  of  an  IMFATT  diode  typical 
of  those  to  be  used  in  the  transmitter  output  stage  is  shown  in  hTg.  3-32. 

It  was  recordi.'d  under  oscillating  conditions.  The  voltage  under  non- 
oscillating  c:onditions  at  the  normal  operating  current  of  ~(i00  mA  is 
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is  (;0  io  70  V itifThc-i-  (lian  that  plotted.  Such  a voJta^jc  praxluces  a fjowcr 
dissipation  \vhi<  li  (juickly  causes  diode  failure.  ( 'onsecpiently , operation 
at  maximum  ('urrent  in  the  nonoseillat injf  mode  must  he  avoided. 

The  operating  voltaye  under  o.sc illatinj^  conditions  is  a strona  function 
of  the  HI'  load  impedance.  Som.e  tunint^  conditions  may  produce  an  operating 
voltage  smaller  than  the  room -temperature  breakdown  voltage.  U’e  can  use 
this  variation  of  voltage  with  load  impedance  to  determine  if  we  have  achieved 
correct  tuning  of  the  diode. 

Uhile  the  voltage -current  characteristic  of  the  oscillating  H,(>ad  diode 
may  imply  some  stahility  problems,  it  has  one  featui’e  which  is  of  benefit 
in  the  pi  esent  transmitter  design.  The  total  voltage  excursion  bidween  the 
initial  How  of  current  at  and  the  operating  current  (riOO-fiOO  m.A  in 
I'ig.  ri-.'li!)  is  mucJi  smaller  in  the  oscillati/ig  state  than  it  wouhi  be  in  the 
nonoscillating  stati;.  My  c hoositig  the  injec-ticm  locked  oscillator-  mode  for 
the  transmitter-  output  stage,  wi-  guaranterr  that  the  diodes  will  always  be 
itr  the  oscillating  slate.  .Sinc-(-  the  nonosc-il luting  state  never-  has  to  be  ac- 
commodated, a current  regulator-  with  smaller  voltage  compliance,  opi-rating 
from  a lower-voltage  [rrimary  power  sujrirly,  can  be  used.  With  less  voltage 
drop  at-ross  the  regulator,  it  will  dissipate  less  prrwi-r-,  and  the  irvcrall 
system  efficiency  will  be  higher-. 

In  our  work  with  active  curr-ent  regulators,  we  have  found  that  an 
absolute  minirrium  of  ,'l  to  h V across  the-  rigulatm-  is  r-e(|uired  if  control 
is  to  be  maintained.  Lower  voltages  result  in  satui-ation  of  the  sei-i<'s 
pass  transistrrrs  anrl  loss  of  regulation,  l-'or  the  diode  char-acter-istic  shown 
in  I'ig.  current  control  can  be  maintained  through  turn-on  ns  the 

bias  c-urr-ent  is  brought  up  from  zero,  provided  a pi-imary  supiily  of  1 Ti  to 
l.'lf)  V is  used.  'Phis  is  within  the  range  rrf  adjustment  of  the  DC'-to-Df 
inver-ter  tentatively  selectc'd  for  the  li-ansmitter  (Sec.  d.  1) . The  voltage 
drof)  acr-oss  the  regulatcrr  will  then  be  20  to  2ri  V at  the  nominal  operating 
cur-r-ent.  l-’<rr  reasons  of  overall  efficiency,  it  may  l>e  pr-eferable  to  r<‘duc-e 
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this  voltai^e  drop  i>y  choosing  diodes  or  tuning  conditions  having  a smaller  max- 
imum voltage -to -operating-voltage  ratio.  This  possibility  will  be  investigated 
during  final  development  of  the  transmitter  output  stage. 

3.3.2  Bias  requirements 

The  transmitter  design  originally  proposed  used  five  diodes  in  th<' 
output  stage.  ICach  was  to  be  capable  of  10.7-W  CW  output  with  23  percent 
efficiency  at  5 GHz.  When  combined  in  a circuit  having  70  percent  efficiency, 
these  diodes  would  produce  40 -W  output.  ICach  of  the  five  diodes  would 
require  4 03  mA  of  bias  current  at  the  100  V (nominal)  operating  voltage, 
and  total  power  consumption  in  the  output  stage  would  be  232  W.  The  cur- 
rent regulator  feeding  the  output  stage  would  require  five  outputs  capable  of 
at  least  4 03  mA  . 

Since  diodes  having  at  least  13-W  C’W  output  are  now  available,  present 
plans  call  for  a four-diode  output  stage.  Averaging  results  from  several 
diode  lots  operating  at  3 GHz,  one  finds  that  13  \\  with  20.3  percent  efficiency 
can  be  produced  with  )40  mA  of  bias  current  and  an  operating  voltage  of 
103  V.  The  requirements  for  the  40-W  output  stage  are  now: 

Devices:  four  diodes,  14.7-W'  CW  eacli 

Bias;  105  V,  528  niA  each  diode 

Total  Power  Consumption:  213  W. 


The  lower  [>ower  consuin])tion  of  the  new  design  will  recover  some  of  the 
power  budget  overrun  which  occurred  in  tin,'  VC()-driver  subassembly,  and 
keep  the  overall  transmitter  f)ower  consumption  close  to  that  originally 
proj)OS('d. 
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3.3.3  C!u front  rettulator  circuit 


A niulticliannel  current  regulator  circuit  suitable  for  use  with  the 
older  lO-W  diodes  was  described  in  the  Technical  Proposal  for  this  program. 
When  initial  tests  of  the  new,  large-area  diodes  showed  that  operating  cur- 
rents of  750  mA  or  more  were  sometimes  required  for  maximum  power 
output,  it  was  thought  that  substantial  redesign  of  that  regulator  would  be 
required.  The  original  circuit  had  a fiOQ-mA -per-channel  limit  on  output 
current,  l.ater  tests  showed  that  15-W  output  at  5 Cllz  was  typically  achieved 
with  500  to  570  mA  of  bias  current,  which  was  within  the  capabilities  of  the 
original  design . 

Pigure  3-33  shows  a four-channel  version  of  the  original  regulator 
circuit  which  is  now  to  be  used  in  the  deliM-rable  transmitter,  f'or  sim- 
plicity, only  two  of  the  output  channels  Lire  shown  explicitly.  Component 
values  are  listed  in  Table  3-0.  l-.’ach  of  the  four  outputs  is  capable  of  de- 
livering up  to  nOO  mA  . The  output  channels  are  driven  by  a single  master 
control  unit  containing  the  integrated  circuit  lC-1  . Adjusting  the  resistor 
K j changes  the  currents  of  all  mtputs  simultaneriusly . Currents  of  the 
individual  diodes  are  adjusted  indejiendently  around  the  nominal  value  by 
changing  the  settings  of  the  potentiometers  H,j.  The  protective  circuit  oper- 
ating through  the  zener  diodes  I),^  shuts  down  the  entire  regulator  if  any  one 
of  the  IMI-'ATT  diodes  fails  to  a short-circuit  condition.  'I'his  should  pre- 
vent any  damage  to  the  regulator  and  to  the  remaining  IMPA'l"!'  diodes. 

While  the  circuit  of  Pig.  3-33  can  meet  the  bias  current  require- 
ments of  the  output  stage,  it  is  not  yet  certain  that  the  -1  ^ condiination 
wUl  niaintain  a sufficiently  large  high-frequency  source  impedance  to  pre- 
vent bias  circuit  oscillations.  Soni(>  circuit  modification  may  be  performed 
during  evaluation  of  the  regulator  to  insure  stalulity.  Construction  of  the 
circuit  is  to  take  place  during  the  second  half  of  the  [)rogram. 
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TAP.T.E  3-r, 

'IPPICAL  I'AKTS  VAI.I  ES 


Item 

Value 

Item 

Value 

4.7K,  or  5K  pot 

2’^  5’^’6’^  7 

.01/  200  V 

2. 4K 

C ^,C  ^ 

4.7/ 25  V 

13 

1 0 / 5 V 

27K 

510  pi-’ 

IK 

10 

20  pi" 

H^, 

lOK 

'S 

1N938 

^^24’  ^^2f) 

*^8’  *^20 

10/1-7  W 

1N4757 

R,3 

IK  pot 

'S’'S>'S 

1N4004 

'^10 

68 

Qj 

2N541" 

Rjl , R^^ 

470 

Q,.Qc 

2N4125 

'^In 

500  pot 

2NG211,  M,JK350 

'^Hi 

47 

2NG308,  M.1410 

‘St 

lOOK  pot 

l^NT’-Low  voltage 

'Si 

100 

NPN-IIigli  voltage 

‘S2’  'S.3 

lOOK 

ic:i 

KM  304 

w 

1. 5K 

IC2 

MC1437P 

“27 

S„ 

31  "OT  M.C. 
SPST 

‘^1 

82phy 
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:i.‘i  Tlie  DC’-to-DC  Invi-rter 


Tin;  t'uncUon  of  the  Dtl-to-lJC  inverter  is  to  eonvert  the  28-VDC 
l)rimary  powa-r  to  the  loO-V  (nominal)  lc>vcl  required  as  an  input  for  the 
current  ret,uilators  which  drive  the  IMPATT  diodes  in  the  transmitter. 
Initially,  wi'  i)lanned  to  use  a 120-V  inverter.  However,  the  voltafje-current 
characteristic  of  the  new  large-area  IMPATT  diodes  and  the  minimum  voltage 
drop  allowed  across  the  multichannel  current  regulator  dictated  the  use  of 
a 1 20- V'  unit. 

The  currcmt  regulators  in  the  VCO-driver  subassembly  were  designed 
to  accept  120-V  input.  The  larger  inverter  output  voltage  will  be  accom- 
modated either  by  readjusting  the  current  regulators  or  by  reducing  the  ap- 
plied voltage  externally  with  a zener  diode  as  shown  in  l-'ig.  2-1. 

The  multi-channel  current  regulator  feeding  the  transmitter  output 
stage  and  the  current  regulators  in  the  VCO-driver  subasseml)ly  consume 
essentially  no  current.  Conseciuently , the  total  current  recpiired  from  the 
inverter  will  be  approximately  equal  to  that  consumed  by  the  IMPATT  diodes. 
Tiiis  is  3a0  mA  in  the  driver  and  4 x 528  mA,  or  2.  11  A,  in  the  outfuit  stage, 
giving  a total  current  ra-quirement  of  2.40  A,  A 2.5-A  (nominal)  current 
rating  should  bf?  sufficient. 

At  the  outset,  we  recognized  that  the  state-of-the-art  for  DC'-to-DC 
inverters  was  such  that  the  size  and  wcught  goals  for  the  entire  transmitter 
package  would  be  exceeded  by  the  inverter  alone.  I’ower  supply  development 
was  not  considered  as  one  of  the  primary  objectives  of  this  program,  and 
it  appeared  unlikely  tliat  major  improvements  could  be  made  in  the  relatively 
mature  power  sui)ply  tijchnology.  Consecpiently , we  decided  to  purchase  a 
stnndurd  conjmercially  available  inverlt'r  for  use  in  the  deliverable  bread- 
l)oard  transmitter. 

One;  inv(,‘rter  which  aj)pears  to  meet  the  nc('ds  of  the  transmitter  as 
[jresently  planned  is  the  Model  C KA2 - 1 80Z -252 , manufactured  by 
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nOA  Division  of  Herkleonics,  Inc.,  Sun  Luis  (Jbispo,  California.  The  sp(?ci 
fications  of  this  unit  aia  given  in  Table  3-7.  A size  reduction  from  that 
shown  to  6 1 / 1 ()  X 4 13/  Hi  x G 13/10  in. may  be  possible.  Consultation 
with  the  manufacturer  is  planned  to  confirm  this.  If  the  unit  achieves 
30  percent  (Tficiency  at  full  output,  the  current  drawn  from  the  28 -V  supply 
will  be  14.20  A.  Added  to  the  . G7  A required  by  the  Gunn  oscillator  in  the 
VCO-driver  subassembly,  tliis  gives  a current  drain  of  14.96  A for  the  com 
plete  transmitter.  This  is  about  10  percent  larger  than  the  current  drain 
originally  projected. 

At  the  close  of  the  period  covered  by  this  report,  plans  were  to  dis- 
cuss the  possiide  size  reduction  of  the  CKA2-C- L30Z-252  inverter,  and  to 
search  for  other  inverters  suitable  for  use  in  the  transmitter.  The  results 
of  this  investigation  were  to  guide  the  final  selection  of  the  inverter. 
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TABLE  3-7 


sj’i'X'ii'^icA'noNs  oj-'  Tin-:  cj::a2-c-]30z-252  invi-:kt]:i{ 


Output  Voltage: 


Output  Current: 
Input  Voltage 
Efficiency: 
Regulation: 

Ripple: 


130  V13C:  nominal,  adjustable  from 
123  to  137 

2.5  A 

28  VnC:  nominal,  21-30  VI)C  acceptable 
80%  maximum 

Line  — 1%  , 21-30  V input  change 

Load  — 1%  , .25-2.5  A load  change 

1%  pp 


Temperature  Coefficient;  .05%/  '^C 


Size: 

7 1/Hi  X 

7 1/lG  X 5 

Weight: 

10  1 b 

Cost: 

$52  5 

1 - 4 units 
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iiAiiDWARi';  DIM jvi;i:ii;s 


Two  tyiu's  o!'  hardware  deliv(-ry  are  requirc-d  l)y  the  present  contract, 
i’ii’st,  a breadboard  transmitter,  wtiose  speed I'ications  and  deva'lot)ment  have 
Ix'en  described  in  earlier  st'ctions  of  tliis  rc[)ort,  is  to  he  delivered  at  ttie 
conclusion  of  the  technicid  effort.  Second,  six  hipti-fxiwer , hi£fh-efficiencv 
tiaAs  Read  IMPAT'I’  diodes  representative  of  those  to  be  used  in  the  trans- 
mitter are  to  be  delivered  at  the  end  of  each  month  of  the  technical  effort. 

'I’he  first  six  ciiode  deliveries  were  complettxl  by  30  Sei^temljer  lOTGo 
The  first  tliree  of  these  consisted  of  four-mesa  diodes  of  the  type  originally 
proposed  for  use  in  the  transmitter  output  stage.  Mesa  diameters  were 
typically  7-8  mils.  'I’he  next  three  shipments  contained  diodi's  with  four 
10-niil-diameter  mesas.  Tiiesc'  larger  diodes  are  to  be  us(;d  in  the  deliver- 
able transmitter. 

Condensed  jjerformance  data  for  all  diodes  delivered  are  given  in 
Tal)le  4-1.  These  data  were  obtained  in  t \V  oscillator  tests  of  the  diodes 
in  a disc-resonator-in-waveguide  or  "top-hat"  circuit.  More  detailed 
data  were  su{)}jlii'd  with  tlu'  diode  shipments. 

Six  additiomd  diode  dediveries  are  to  be  made  during  the  remaindi'r 
of  tlu!  |)rogram. 
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'I'AI’.Li:  4-1 


ri;HiA)R\iAN('i';  data  at  maximum  c\\  povm;h  output 
I'OR  DiODPS  I)upivi:ri:i)  durixc;  tin;  i-trst  iiali-’  oi'  tup  prooraai 


Diode 

V(  Volts) 

l(mA) 

1 

r(C.Ilz) 

Tl("0 

Lot  1 

7G8-1 

100.  8 

480 

11.25 

4.909 

24.3 

219 

7(38-3 

07.8 

4 80 

o 

CO 

5.291 

2 3 . 5 

212 

7(38-8 

09.5 

440 

lOo  73 

5 . 15  5 

24.5 

218 

788-10 

105.8 

440 

lOo  93 

4.775 

23.5 

225 

7 77-8 

98.0 

480 

10.  44 

4.  880 

22.7 

229 

777-8 

100.9 

480 

11.45 

4.80  8 

23.8 

210 

Lot  2 

7.'j8H-(i 

101.1 

480 

10.57 

4.89  8 

22.7 

223 

758H-8 

99.  8 

470 

10.  13 

4.  838 

21.8 

220 

7f)8D-3 

99.9 

450 

10.  17 

5.  1 10 

22 . (3 

214 

7.')  81) -8 

100.7 

4 80 

10.03 

5.078 

21.7 

2 38 

788A-2 

105.9 

4 80 

10.48 

4.  947 

2 1 . 5 

277 

777-1 

94.4 

500 

10.  71 

4.85  4 

22.7 

22  8 

Lot  3 

758P-1 

101.8 

480 

11.05 

4.  892 

22.7 

202 

7f)8i;-3 

97.0 

500 

10.14 

5.010 

20.9 

2 55 

7 5 81'’ -4 

99.  2 

480 

10.58 

4.948 

22.2 

2 38 

78815-1 

98.  5 

450 

10.  18 

5 .14  1 

22 . 9 

2 82 

1 

< 

97. 5 

500 

11.82 

4.  885 

2 3.8 

218 

777A-10 

98.  3 

480 

11.40 

4.880 

24.2 

2 30 

* 40“  C I feat  Sink  AsRunu*d. 
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TAIU.E  4-1  (Cont'd) 


i>i;hfohma\'c  l data 

AT  MAXIM! 

:m  C\\  POU  FR 

OUTI'T 

'T 

I'OK 

DIODi'.S  DFLIVI- 

:rfd  DU 

RIXC;  THF  F 

IRST  KALI'  OF 

Tin;  1> 

ROOR  A M 

Diode 

V(\'olt.s) 

Km  A) 

l-o(XV) 

f(C;U7.) 

Tl(%) 

Lot  4 

!)04D  1 

G4 . 4 

820 

12.50 

0.  030 

23.7 

- 

.004  D- 8 

no.  4 

800 

13.10 

0.  002 

24.8 

- 

004F-1 

08 . 8 

800 

12.77 

0.  512 

2 3.2 

2 22 

0041-' -2 

().o . 2 

820 

12.83 

0.  001 

24.0 

207 

O04(’.-2 

03. 2 

840 

12.50 

0.  029 

2 3.0 

198 

ooir:-.^) 

02.7 

800 

12.  01 

0.  02  3 

2 3.4 

193 

Lot  .4 

■•"-OTA 

83.  5 

782 

1 0.  22 

5.  332 

24.9 

- 

907A-4 

87.4 

744 

15.  32 

5.  319 

23.  0 

- 

007A-1 1 

80.  0 

744 

14.70 

5.  194 

22.8 

- 

910-.5 

1 14.0 

.532 

17.  39 

4. 842 

28.7 

223 

910  - It; 

1 13.  4 

500 

1 0.  80 

4.885 

29.  0 

190 

910A-.') 

1 14.2 

500 

17.02 

4.855 

20.  0 

210 

Lot  0 

907H-8 

88.  3 

782 

17.  17 

5.210 

24.9 

- 

907M-1.O 

80.  2 

782 

10.  75 

5.220 

24.9 

- 

909-2 

104.7 

050 

19.  28 

4.87  3 

28.3 

229 

909 -:i 

107.0 

009 

20.  10 

4.830 

28.  1 

225 

910A-0 

108.  5 

5(i0 

15.57 

4.813 

25.0 

215 

9l0(’-9 

114.  1 

500 

17.00 

4.831 

2 0.7 

- 

^ — r 

40‘^C  ll(“at  Sink  A.s.sunied. 


I’lUKIKAM  S PATUS  AM)  IM.ANS 


"i.  0 


I'ho  [Hirposo  of  tliis  section  Is  to  summarize  tiie  status  of  the  pro- 
fpram  as  of  2!'  September  tn7(l,  and  to  outline  the  tasks  to  he  addressed 
during  the  remaindcu'  of  the  propram  period.  Details  of  the  work  accom- 
plished have  been  [U’esented  in  the  forepoifip  sections. 

.■i.  1 I’ropram  Status 

The  transmitter  system  desipn  has  been  completed,  hour  major 
subassemblies  make  up  the  deliverable  breadboarei  transmitter.  I hesf' 
are  the  \'('()-firiver , the  multiple-diode  [30\ver  output  stape,  the  multichannel 
current  repulator  feedinp  the  output  stape,  and  the  DC-to-DC  inverter 
supplvinp  hiph  voltape  to  all  liMI’A  I T diode.s  in  the  tran.smitter . 1 he  tr'ans- 

mitter  oper-ates  from  a 2H-\'IK'  primary  power  soui'ce,  and  uses  GaAs 
Kearl  IMD.ATT  riiodes  for  Kb'  power  peneration. 

Desipn,  fabr’ication , and  testinp  of  the  \’('()-driver  sul)assemblv 
have  berm  comph'ted.  I'his  unit  is  awaitinp  intepration  with  the  remaininp 
()arts  of  the  tr-ansmitter , after  whicdi  t<>stinp  of  the  complete  system  will 
be  undertaken. 

The  transmitter  output  stape  dev(>loinnent  is  the  major  propram 
task.  Kpitaxial  material  prowth  and  diodf'  fabrication  proceuiurt'S  which 
repeatablv  (u'oduce  Ca.^s  Keari  DMPA  I'T  diodes  with  mor(>  than  l.a-W  ('\V 
(jutput  and  2.a  perc'f'nt  Dt'-to-lll'  conversion  efficitmcv  htive  been  demon- 
struited. 


l i)ur  1 ")-\V  diodes  aim  to  be  used  in  ttu>  output  stape.  .Monthly  ship- 
ments, e:u  h containinp  six  diodes  representative  of  those  to  b('  used  in  th<' 
cjiitfjut  .stape,  h.ave  been  made  to  l{.'\l)('.  The  peneral  form  of  the  output 
sftipe  circuit  has  been  sfdectr-d.  .A  nonresonant  parallel -type  power  com- 
bincu'  usinc  a ttuilliport  hvbrid  of  the  type  (imscribefl  by  (ivsel  ha.s  been 
chosen,  .Analysis  has  shown  Ih.d  this  pe  of  circuit  can  meet  the  condition.s 
lor  isohdioti  .and  low  loss  required  in  the  output  stapen  'I’o  this  will  be 
cou[)led  four  individu.'l  oscillator  tmulules. 
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I’ffliimnarv  lU  cirruit  dosi^n  for  the  osrillator  rnoduln.s  has  hf'fn  com- 
plrtf'd,  iM'th  the  po\ror  romhinrr  and  fho  oscillator  modules  are  to  be 
rcuilizcfl  in  trapped  inverted  mierosirip  ( IIM)  line.  ( oniponents  for  some 
basic  TIM-linc'  structures  and  for  a two-port  Civsel  hybrifl  have  been  fabri- 
cated :ind  arc  awaiting  test.  A backup  output  stage  design  using  a dielec - 
tr-icallv  loaded  resonant-cavity  power  comhinei-  similar  to  the  circuit 
developed  during  the  previous  program  has  been  prepared  for  use  if 
difficulties  are  ('ncounterefi  with  the  previously  untried  TIM -line  circuits. 

Circuit  design  for  the  multichannel  current  regulator  is  complete. 
Faljrication  , test,  and  possible  refinement  remain  to  be  accomplished. 


A .standard,  commercially  available  l)('-to-l)C  inverter  is  to  be 
used  in  the  transmitter.  One  suitable  unit  has  been  selected  and,  based 
on  the  use  of  this  unit,  projections  of  overall  transmitter  power  con.sumption 
have  been  marie. 

5. 2 Flans 

.\o  further  rlevelopment  work  shoulri  be  requirr-d  on  the  \ CO-driver. 
We  must  still  integrate  it  with  the  transmitter  jrackage  and  ])erform  final 
testing. 


Several  tasks  remain  in  the  output  stage  rlevelopment.  .Arlditional 
epitaxial  material  must  be  grown  so  that  more  rlioties  can  be  fabricated. 

The  diorles  will  form  an  inventory  for  use  in  meeting  future  rieliverv  re- 
quirements ;inri  for  use  in  output  stage  development.  The  basic  I'lM-line 
circuit  components  now  on  Inuitl  must  be  assembler!  anrl  tested.  1- ollowing 
successful  tests  of  these  circuits,  final  design,  assembly,  anrl  test  of  the 
four-port  power  combiner  can  be  undertaken.  Measurements  of  diotle 
tr>rminal  impedjince  must  be  made  to  completr>  the  HI'  tlesign  of  tite  oscillator 
modules.  Mias  circuit  riesign , mechanical  design , fabrication,  assembly, 
and  test  will  then  follow.  The  resonant -cavity  power -combiner  riesign  is 
being  hebl  for  use  in  the  output  stage  if  necessary. 
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I siny  thr  cxisHtiff  ricsitin,  tlif  mult irhannol  rurrrnl  rffrulator  will  bo 
assoniblorl  and  tostod.  It  will  than  bo  intogratod  with  tho  olhor  transmitter 
components. 

The  IK'-IO'DC  inverter  is  to  be  ordered.  The  possibilitv  of  reducinff 
tlu'  si/.('  and  weifjht  and  increasing  the  efficiency  of  e.xisting  rlesigns  is  to  he 
investigated  through  ('onsultation  with  the  inverter  manufacturer. 

When  all  transmitter  compottetits  are  on  hand,  th(\v  will  be  assembled 
into  the  d(diverab!e  transmitter  package,  f inal  performiance  testing  will 
tlien  take  t>lace. 


Several  analvtical  tasks  must  also  be  ccmipleted  in  the  remainder 
of  the  program.  Keliability  data  on  the  components  in  the  transmitter  must 
be  reviewi-fl  to  confirm  that  the  opf'rating  life  anri  shelf  life  requirements 
can  indeef]  be  met.  A complete  analysi.s  of  co.st  and  po.s.sible  co.st-si/.e- 
wc'ight -pei'formance  tradeoffs  must  also  lu'  marie.  I lie  thdiverable  trans- 
mittf'r  will  obviouslv  not  represent  tlie  higlu'St  level  of  design  i-etinenumt 
possible.  I’rospc'cts  for  future'  improvf'nu'nt  in  performance  will  he  sur- 
veyed . 


«1 


(i.o  ki;fi;h  i:N't'i:s 


f.  A..  15racki'U,  ''  Tiu'  lAimination  of  Tunitif' -Indurril  Hui-noul.  i.  id  PAas 
Circuit  ( tscillaf  ions  in  TIMI’AT'f’  OsciJlalors,  " ICdl  System  Tccliniral  d . 
a^,  271  (Marcli  1!J72)„ 

" 1 ligh- 1 d'l'icicncy  Solid-State  C-lland  Ccncrator,  " Contract 
;'2nti()2-74-C -0:;0f),  work  carrif'd  out  at  ({aytiu-on  FC-scari  li  Division 
from  24  dune  074  to  24  dune  1!>75. 

" I ligh- 1 d fieiency  Solid-State  C-Darul  Cem'rator , I'inal  rechnical 
Keport  HADC  TR-7a-2f!r.,  Uonie  Air  Development  Center,  Air  I'orce 
Systems  Command,  Crifl'iss  Air  I'orcu'  Hast',  'Vew  York  12441, 
November  11)75. 

i;.  d,  Wilkinson,  "An  N-Way  llvbrid  I’owi-r  Divider,"  IRK  Trans- 
actions ^ITT -2,  1 Di  (danuary  It'tiO). 

U.  II.  Cysel,  "A  New  N-\Vay  Rower  Divider/ Combiner  Sui table  for 
Ilitdi-lknver  Ap[dications , " lt!75  ]1;I:K  ,MTT  Symiiosium  Diyest, 
p . lid. 

('.  Runlschuh,  "A  Study  of  the  Transmission  Dine  Properties  of 
Trapped  Inverted  Mieroslrip  Line,"  I'inal  'rechnical  Report 
R A DC R -74  - 2 1 1 , Rome  Air  Deve’  ipniiail  Center,  \ir  I'orce  Systems 
Command,  (Iriffiss  Air  I’orce  Ha.se,  \cv.  'I’ork  KM4  1,  December’  R*74 

D.  d.  Coleman,  dr-.,  W.  R.  W isseinan,  and  D.  W.  Shaw,  "lb-action 
R;.des  for  1 ’t  on  CaAs,"  ,-\ppl.  Phvs.  I.i  tt.  Jl,  25. i (A[)ril  l'*7l). 


H2 


METRIC  SYSTEM 


BASE  UNITS: 

Quantity 


Unit 


SI  Symbol 


Formula 


length 

mass 

time 

ele<  lri<  c urrent 
thermodynamic  temperature 
amount  of  suhstanc  e 
luminous  intensity 

SUPPLEMENTARY  UNITS 

plane  angle 
solid  angle 

nFJtrVF])  UNITS; 

Ac  c eleration 

ac  tivity  (of  a radioac  tive  sourc  e) 

angular  ac.c  eleration 

angular  velcx;ity 

area 

density 

electro  capacitance 

electrical  cionduc  tame 

elec  trie  field  strength 

elec  trie  indurtanc  e 

electric  potential  differente 

elec  trie,  resistanc  e 

elec  tromotive  fore  e 

energy 

entropy 

fore  e 

frecjuenc  y 

illuminanc.e 

luminance 

luminous  flux 

magnetic  field  strength 

magnetic  flux 

magncitic  flux  density 

magnetomotive  force 

power 

pressure 

quantity  of  elirc  trie  ity 
quantity  of  heat 
radiant  intensity 
spec.ific  heat 
stress 

thermal  conduc  livity 
velcM.ity 

vise  osity.  dynamic. 

viscosity,  kinematic 

voltage 

volume 

wavenumber 

work 


metre 

kilogram 

second 

ampere 

kelvin 

mole 

c andela 


radian 

steradian 


metre  per  second  squarrxf 

disintegration  per  second 

radian  per  sec  ond  squared 

radian  per  sec  ond 

sejuare  metre 

kilogram  per  c ubii  metre 

farad 

siemens 

volt  per  metre 

henry 

volt 

ohm 

volt 

loule 

loule  per  kelvin 

newton 

hertr 

lux 

candela  per  square  metre 
lumen 

ampere  per  metre 

weber 

tesla 

ampere 

watt 

pasc  al 

c.oulomb 

loule 

watt  per  steradian 
loule  per  kilogram-kelvin 
pasc  al 

watt  per  metre-kelvin 

metre  per  second 

pasc.al'Second 

square  metre  per  sire  ond 

volt 

c.ubic  metre 
rec:iprcx:al  metre 
loule 


m 

s 

A 

K 

mol 

c.d 


rad 

sr 


K 

S 

M 

V 


V 

I 

N 

Hz 

lx 

Im 

Wb 

T 

A 

VV 

Pa 

C 

I 


Pa 


\' 

I 


m/s 

(disintegration's 

rads 

rads 

m 

kgm 

Aa\' 

A\’ 

V m 
VaA 
W A 

V A 
W A 
N-m 
I'K 

kgms 

(cyclel's 

Im'm 

edm 

cd-sr 

A,m 

Vs 

Wbtm 

l'» 

N m 

A-s 

N-m 

W sr 

I'kg-k 

N'm 

W m-K 

ms 

Pa-s 

ms 

W'A 

m 

(wavel-m 

N-m 


SI  PREFIXES: 


Multiplii  ation  Factors 

Prefix 

SI  Syn 

1 000  00(1  (Mill  (MXl  • 1(1" 

ti-ra 

T 

1 OCHI  (MIOOOO  = Id’ 

K'K* 

(i 

M 

1 (KMIOOO  •=  1(1* 

mega 

1 000  * 10’ 

kilo 

k 

too  - 10» 

hecto* 

h 

10  « 10' 

deka* 

da 

0 1 - 10*' 

deef 

d 

001  - 10*' 

1 entr 

i: 

0 001  10- ’ 

mllll 

ni 

0 (MMI  001  • 10  * 

micro 

M 

0 (Hill  IIIMI  001  e 10"’ 

nano 

h 

0 000  INKI IKMI  001  -•  10  " 

picxi 

V 

(KMIOOOOOIHUHMIOOl  ^ 10*  " 

fnmin 

1 

0 000  000  000  IKMI  IKMI  (Kll  10  '* 

altii 

a 

To  be  avoided  where  poaaible 


MISSION 

of 

Rome  Air  Development  Center 


RADC  plans  and  conducts  research,  exploratory  and  advanced 
developetent  programs  in  coamand,  control,  and  coumunications 
activities,  and  in  the  areas  of  information  sciences 
and  intelligence.  The  principal  technical  mission  areas 
are  communications , electromagnetic  guidance  and  control, 
surveillance  of  ground  and  aerospace  objects,  intelligence 
data  collection  and  handling,  information  system  technology, 
ionospheric  propagation,  solid  state  sciences,  micrommve 
physics  and  electronic  reliability,  maintainability  and 
compatibility. 
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